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Chapter 1 
 
Introduction 
 
This chapter gives the background and the motivation of the project. The major 
contributions made by the author are listed here. The thesis outline is also drawn to give 
the reader an overview of the work. 
 
1.1 Background 
 
The medium voltage (MV) distribution system in Finland has been constructed using 
mainly bare overhead lines. The most common voltage level is 20 kV. In normal 
circumstances such lines behave reliably, although they demand a lot of space. The space 
required for double and multiple line structures is especially broad. Exceptional situations 
produce difficulties for bare overhead lines, e.g. the clashes due to the fall of accumulated 
snow cause short-circuits and damage to the conductors. Trees falling on the lines cause 
damage to the structures and short-circuits between phases as well as earth faults [1]. 
 
In the Nordic countries, fault categories in MV overhead distribution networks are 
classified into snow burden 35%, falling trees 27%, branch on pole transformers 9%, 
diggers 6%, lightning impulses 6%; the rest are probably caused by animals [2]. Due to 
large forest area in these countries, the electrical network is exposed to faults due to 
leaning trees. The contact with the line is usually caused by a tree falling on a line in a 
storm or a tree pressing the conductor more lightly, for example due to snow load or tree 
growth. This is the weakness of traditional bare overhead lines. In Finland, such damage 
caused by trees is 2.3 per year per 100 km [1].  
 
The use of covered-conductor (CC) or insulated lines has been expanding in MV 
networks throughout the world over the last 30 years [3]-[13]. The covering of the 
conductor provides the main benefit of a covered overhead line, i.e., the ability to allow 
grounded objects to touch the line and phases to touch each other without any tripping or 
outage [7]. CC systems are developed to reduce failure rates compared to bare wire MV 
networks and hence, to improve the security of the supplies [14]. The additional 
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investment cost is often fully compensated by savings in line spacing, reduced 
maintenance, and a better quality of network. CCs have replaced bare conductors due to 
better technical solutions, the reduction of operating costs, and simply because this 
technology is more compact and friendlier to people, and the environment as a whole [4], 
[9]. In spite of slightly higher capital costs, the overall costs are lower due to a 
significantly reduced number of failures [12], [15]. The operational reliability of these 
conductors is better since they have much more favorable electrical and mechanical 
properties than uncovered ones. 
 
In Europe, the first CC lines went up in Finland in the 1970s (known as SAX-system and 
later also as PAS-system), followed by Sweden and Norway (known as BLX-system) in 
the late 1980s, and in the UK in the mid 1990s [13]. At the present time, there is more 
than 8500 km circuit length of PAS conductors in Finland, their share of new MV 
network construction totaling around 80%. Sweden has more than 9500 km circuit length 
of BLX conductors, their share of new MV network construction being as high as 80% 
[13]. Norway has more than 4000 km of CC line, while, in the UK, over 2000 km of line 
have now been erected. Several other European and South American countries are also 
showing great interest in CC overhead lines.  
 
1.2 Problem statement 
 
Partial discharges (PDs) are small discharges caused by strong and inhomogeneous 
electrical fields. The reason for such fields could be voids, bubbles, or defects in an 
insulating material. Detection of PD is performed in order to ascertain the condition of 
the insulating material in HV elements, e.g., cables and CCs. Since PD usually occurs 
before complete breakdown, PD monitoring provides a warning to remove the power 
system component from service before catastrophic failure occurs [16]. Therefore, the 
area of PD measurement and diagnosis is accepted as one of the most valuable non-
destructive means for assessing the quality and technical integrity of HV power apparatus 
and cables. 
 
CC lines have been frequently used in MV networks in Finland since 1970 [17]. The use 
of CC in the distribution networks started with the need for decreasing the number of 
faults caused by falling/leaning trees as well as reducing the expenses from tree clearance 
and maintenance. However, falling trees produce PDs, which may cause the insulation of 
the conductors to deteriorate through chemical, thermal, and electrical mechanisms, with 
the passage of time [18].  The falling trees may also produce knife traces on the 
conductor surface due to difference in wind pressures, which can aggravate the situation 
of initiating PDs, resulting in rupture of the conductor insulation. In short, PDs have a 
distinct effect in the ageing processes and lifetimes of HV insulation. 
 
Experiences have proved that PD has been an efficient method for condition monitoring 
of electrical insulations. Traditionally, PD measurements have been carried out off-line 
during an interruption in the normal operation and with special equipment. In addition, an 
experienced specialist has usually been needed to interpret the results.  The conventional 
PD measurement techniques have been in practice for several decades. Most conventional 
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PD detectors use a single input detection method to measure a voltage or a current signal 
at a terminal of the test object. It is based on the processing of analogue signals derived 
from the coupling impedance in the PD current path. These conventional techniques 
experience severe limitations when it comes to on-line monitoring due to the influence of 
background noise, absence of non-intrusive sensors, and processing facilities. Also, they 
have a limit in the detection frequency range, especially for CC overhead lines, due to the 
attenuation of high frequency PD signals. Low detection frequency for the detector 
imposes a fundamental limitation on locating the PD position, which is one of the major 
concerns in insulation monitoring.  
 
On-line PD measurements have been carried out in many condition monitoring 
applications, such as transformers, cables, rotating machines, and gas-insulated 
switchgear (GIS) systems [19]-[23]. On-line PD monitoring has a number of important 
advantages. Firstly, the data is continuously registered so temporal PD activity, or PDs 
occurring shortly before failure are also captured, in contrast to occasional off-line tests. 
Secondly, installing the measuring system can, in principle, be done on-line without 
having to disrupt the power delivery. This, together with the fact that after installation on-
line monitoring hardly requires any personnel effort, makes it relatively cheap to operate 
for utilities. Thirdly, the apparatus is tested under exact operating conditions that include 
over voltages and load variations, which may be more convincing as being indicative for 
the actual condition [24]. 
 
The design of an on-line system has a number of challenges to deal with. Since the cable 
or conductor is connected to the power grid, the amount of noise and interference is much 
larger than is the case for off-line measurements, so the requirements for signal 
processing are much higher. If measuring set-ups are required at both ends of the 
conductor to include localization of defects, extra requirements arise for communication 
and accurate synchronization [25]. Another challenge involves the coupling to the 
conductor to extract the PD signals that includes technical demands such as sensitivity, 
bandwidth, etc. The PD sensor must be installed in existing networks, preferably during 
operation, and it may not result in a safety risk or an additional risk of failure for the 
power grid. 
 
On-line PD measurements have been taken using instrument transformers [26]; however, 
the responses of conventional current transformers (CTs) at high frequencies are not flat. 
On-line PD measurements have already been conducted on CC lines with a PD 
monitoring system installed using a capacitive voltage divider including CT on 20 and 
110 kV test lines [27], [28].  Recently, the PD detection frequency range has been 
extended up to the radio frequency band with the development of new sensors e.g., 
Rogowski coils. The Rogowski coils have already been used for the on-site condition 
monitoring of MV cables [29]; however, using Rogowski coils for on-line PD detection 
due to falling trees on CC overhead distribution lines is a novel and interesting area for 
researchers. 
 
In this research work, the Rogowski coil is used as a PD sensor because it is superior to 
the conventional PD detectors. It is non-intrusive and provides the needed bandwidth for 
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detecting PDs produced due to falling trees on CC overhead distribution lines. Since 
Rogowski coils are very accurate and are not prone to saturation, protection levels can be 
set to lower thresholds increasing the sensitivity of the scheme without affecting the 
reliability of operation.  The system is immune to external magnetic fields, is simple, user 
friendly, requires less wiring and space, and can provide metering accuracy [30]. Flexible 
Rogowski coils are generally more convenient to use than rigid coils, but are less 
accurate. A typical mutual inductance of a standard flexible Rogowski coil is in the range 
of 200-300 nH and its resonant frequency lies in a high frequency spectrum [31]. The 
goal with this research is to assess the properties of PDs in this particular application so 
that a PD sensor can be designed. In that design, a trade-off must be found between the 
limitations of the sensor and the reliability of the measurements it can make. 
 
In CC overhead distribution networks, a wide application of on-line PD measurement as a 
condition monitoring technique has not practically or economically been possible. This is 
partly because of the high costs of the equipment and resources needed, compared to the 
cost of the components to be monitored.  One way of reducing the costs of implementing 
an on-line PD measuring system is to use as simple sensors as possible (e.g., Rogowski 
coils ) and to integrate the PD monitoring functions for example to advanced network 
automation [29]. The challenge for on-line PD measurements is to find the optimal 
locations for these sensors with respect to their sensitivity, interference level, signal 
distinction, and universal applicability. The advantage of on-line PD monitoring allows 
for CC insulation diagnostics during normal operation as well as when the trees are 
leaning on the conductors. The falling trees cannot be detected with conventional earth 
fault detection methods or normal protection relays due to the high impedance of 
conductor covering, as well as the high resistance of the tree [27]. The big challenge 
faced by electric utilities using CC systems in overhead distribution networks in Finland 
is to develop an on-line automatic system that should be capable of detecting falling trees 
on the lines.   
 
1.3 Major contributions 
 
• A new methodology for detecting non-stationary, irregular, and high frequency 
PDs, produced due to falling trees on CC overhead distribution lines has been 
presented. The measurements have been taken using a wired Rogowski coil. 
 
• The time domain reflectometry (TDR) measurement technique is presented to 
extract the frequency-dependent wave propagation characteristics (attenuation, 
phase constant, and propagation velocity) of CC overhead distribution lines. 
These measurements can be applied for the design and deployment of PD sensors 
over the entire length of the CC line for detecting PDs produced by falling/leaning 
trees.  
 
• The theoretical modeling of the CC line based on its geometry is presented using 
two-wire transmission line (TL) theory and its frequency-dependent line 
characteristics have successfully been derived.  The theoretical model is verified 
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experimentally using TDR measurements on the basis of the wave propagation 
characteristics determination. The TDR measuring system is also simulated in the 
electromagnetic transient program-alternative transient program (EMTP-ATP) for 
real time verification of the measurements. It is revealed that the model does not 
only give correct values of the wave propagation characteristics at lower 
frequencies, but it also works well at higher frequencies, where TDR 
measurements fail to extract these characteristics due to measuring limitations. 
The frequency-dependent TL characteristics are extracted from the presented 
theoretical model for the practical CC lines in MV networks located at different 
heights above the ground level. The effect of the CC height on the line 
characteristics is also presented. These characteristics can be used for the accurate 
modeling of the CC line in EMTP-ATP as well as for designing of Rogowski 
sensors to detect falling trees on the CC lines. 
 
• The entire on-line single-phase PD monitoring system including CC line and 
Rogowski coil for detecting falling trees on CC overhead distribution lines is 
modeled in the EMTP-ATP simulation environment. The model is confirmed by 
the measurement results taken in the laboratory. The model can be used to 
estimate the length of the CC line at which the PDs due to falling trees can be 
detected; thus deciding the number and positioning of the sensors over a particular 
length of the CC line. Moreover, the challenges in on-line condition monitoring of 
falling trees on the CC lines using wireless sensors are also described. 
 
• The wavelet transform (WT) technique is applied as a powerful tool to de-noise 
on-line PD signals produced due to falling trees on CC overhead distribution 
lines, which are completely buried by electromagnetic interference (EMI). The 
PD signals are captured in the laboratory environment and on-site measurements 
are simulated in MATLAB. The principle of de-noising based on multi-resolution 
signal decomposition (MSD) is implemented. 
 
1.4 Organization of thesis 
 
The thesis is organized into the following chapters: 
 
Chapter 2 gives an overview of the Scandinavian experiences in using CC overhead 
distribution networks. A system of overhead CCs (SAX or PAS) used in Finland is 
presented. The mechanical and electrical effects of leaning trees on the CC lines have 
been discussed. It is explained that falling trees produce PDs, which may cause the 
insulation of the conductors to deteriorate with the passage of time.  The advantages and 
the challenges posed by CC systems are also described.  
 
Chapter 3 investigates a methodology for detecting on-line PDs produced due to falling 
trees on the CC overhead distribution lines. For this purpose, the Rogowski coil is used as 
a PD sensor. This sensor is non-intrusive and superior to the conventional PD detecting 
methods. The experimental set-up was arranged in the HV laboratory at TKK for real-
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time analysis. A pulse calibrator was used for the calibration of the on-line PD measuring 
system. . The measurement results show that it is possible to detect the falling trees on the 
CC overhead lines using a Rogowski coil PD sensor.  
 
Chapter 4 gives a general background of the TDR measurements, explaining the response 
of electrical networks in the time domain. The work concentrates on determining the 
wave propagation characteristics (propagation constants, i.e., attenuation and phase 
constants, and propagation velocity) of CC lines using high frequency TDR 
measurements.  
 
Chapter 5 describes a step-by-step procedure to develop a theoretical model of the CC 
overhead distribution line and the frequency-dependent distributed TL parameters, wave 
propagation characteristics, and characteristic impedance are calculated. The derived 
wave propagation characteristics are compared with those obtained from the TDR 
measurements to validate the theoretical model of the CC line. The TDR measuring 
system is also simulated in EMTP-ATP as a real time verification.  
 
Chapter 6 presents EMTP-ATP simulations to model an on-line single-phase PD 
measuring system including CC line and Rogowski coil for the monitoring of falling trees 
on CC overhead distribution lines. The CC is modeled as a distributed parameters line 
and the Rogowski coil is represented based on its equivalent circuit as a saturable current 
transformer having linear magnetizing characteristics. The simulation results are 
compared with those obtained from the laboratory measurements. The challenges in on-
line condition monitoring of falling trees on the CC lines using wireless sensors are also 
discussed. 
 
Chapter 7 presents the wavelet transform (WT) technique as a powerful tool to de-noise 
on-line PD signals in CC overhead distribution lines, which are completely buried by 
EMI. The PD signals are captured in the laboratory environment and on-site 
measurements are simulated in MATLAB. The principle of de-noising based on MSD is 
implemented.  
 
Chapter 8 contains the summary and conclusions of the research work. The future 
developments of the present research work are also discussed. 
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Chapter 2 
 
Using CC Overhead Lines in Distribution Networks 
 
This chapter gives an overview of the Scandinavian experiences in using CC overhead 
distribution networks. A system of overhead CCs (SAX or PAS) used in Finland is 
presented. The mechanical and electrical effects of the leaning trees on the CC lines have 
been discussed. It is explained that falling trees produce partial discharges (PDs), which 
cause the insulation of the conductors to deteriorate with the passage of time. The 
advantages and the challenges posed by CCs system are also described.  
 
2.1 History of CC lines − a Scandinavian experience 
 
American utilities started to replace bare conductors with covered ones in MV 
distribution networks in the early 1960s. At the same time, Australian utilities also made 
similar changes in their networks [15]. The covering materials used were polyvinyl 
chloride (PVC), high density polyethylene (HDPE), and nylon. The life-span of CC lines 
was very limited and the general level of interest in them was quite low. In the area where 
a conductor was fixed to the insulator, it was necessary to remove insulation from the 
conductor, which caused very intensive corrosion. This was one of the major reasons that 
utilities were not consistent in their use.  
 
In the early 1970s, the motivation for using CCs became high again due to the need for 
solutions to the corrosion problem as well as other problems. Some Nordic countries 
(Finland and Sweden) were earlier users and this technique offered increased reliability in 
adverse weather conditions, satisfied ecological considerations, and also proved to be 
cost-effective for the complete life cycle [12]. Utilities in Sweden and Norway soon 
adopted this system, which has since spread to utilities throughout Europe, the United 
States, Australia, and Japan. The use of CC lines with aluminum alloy conductor covered 
with a sheath of cross-linked polyethylene (XLPE) or HDPE has been expanding 
throughout the world ever since. 
 
In the Nordic countries, the CC lines in distribution networks were originally introduced 
due to their good applicability for passing through forest areas and having better 
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operating safety. With so much forest throughout the Scandinavian countries, the problem 
could have been that of the forest fires caused by falling trees on the bare conductor 
resulting in the initiation of arc [6].  In the late 1980s, research was started in Finland into 
the suitability of CC line for forest areas; however, it was more likely to be the quality of 
the power supply that was the main reason for that research. Consumers in Scandinavia, 
especially industrial consumers, do not accept loss of supply that lightly. The Finnish 
research and more recent work carried out by Asea Brown Boveri (ABB), coupled with a 
developing history of general usage in the field have given very positive results during 
the last few years. Both the laboratory and practical experiences prove that CC lines are 
better option, as compared with conventional bare conductors installed in distribution 
networks in Scandinavian countries [6]. 
 
2.2 Geometry of overhead covered-conductor 
 
The conductor material in CC overhead distribution lines is aluminum alloy and the 
insulation material is XLPE or HDPE, usually having a thickness of 2.3 mm. Carbon 
black is mixed with plastic to reduce the effect of ultra violet radiations. According to 
Finnish structure, the conductor is stranded and compacted. In Finland, corrosion in 
aluminum conductors is not a problem; therefore, CC structures are not greased [27]. The 
insulators used on CC lines are normally porcelain pin or post insulators. Epoxy resin 
insulators are also used. The phase-to-phase distances at poles are one-third as compared 
with bare conductor lines (40-50 cm on 20 kV lines) [4].  The CC line and its cross-
sectional view are shown in Fig. 2.1 [32]. 
 
 
 
Fig. 2.1 Cross-sectional view of CC overhead in distribution networks 
 
2.3 Covered-conductor overhead system representation 
 
The idea of developing CC overhead lines (PAS or BLX type) was to reduce the 
deficiencies of traditional bare overhead lines. When the conductors are covered with a 
thin layer of insulation, clashes do not cause disruptions of use and the distance between 
the conductors can be reduced. The saving in space is considerable if the structures are 
constructed consisting of several lines in parallel.  
 
One of the major drawbacks of CC lines is arc damage caused by lightning and 
susceptibility to damage from aeolian vibration. Unless special lightning protection steps 
are taken to overhead CC lines, lightning over voltage leads first to a flashover of a line 
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insulator and next to a breakdown of the solid conductor insulation. There is a high 
probability that such a lightning flashover will bring about a power frequency arc which 
keeps burning at the insulation breakdown point until the line is disconnected. The arc 
can easily burn the insulating covering and it may melt the conductor with high fault 
currents [33]. The main characteristics of aeolian vibration are high frequency and low 
amplitude, mainly in the vertical plane. It is observed that both lightning and vibration 
damage tend to be located at the insulators on the poles. 
 
The technical considerations have been taken into account while designing the PAS (or 
SAX) system to prevent damages due to arcs and vibration. The attachment points of the 
conductors have been converted into suspension clamps which withstand vibrations well. 
An arc caused by over voltage or lightning on the CC line is not able to move along the 
conductor and it is burning on one point; the circuit breakers cannot respond quickly 
enough. The high induced energy and the duration of burning can destroy the conductor. 
However, this problem can be mitigated using arc protection device (APD), power arc 
device (PAD), surge arrester, or current limiting device. The protection is provided to the 
conductors, insulators, and transformers and it depends upon the network’s short-circuit 
values as well as the economic attitude of the utility. No instance of damage has been 
reported in PAS system using APD to avoid arc damages [1].  
 
The construction and layout of a typical PAS line is shown in Fig. 2.2 [13]. This type of 
line has been installed in Finland in various areas of electrical distribution using APDs, 
which are designed to direct the arc generated to a sufficient distance from the conductor 
and insulator. An APD implemented with an arcing horn is recommended for pin and line 
post insulators. While it is burning, the arc will not damage the conductor itself, but ignite 
over the insulator, after which it will move along the aluminum wire twisted onto the 
insulator’s neck to the arcing horn. While burning at the end of the horn, the arc ionizes 
the air, making it conductive and creates a short circuit between the phases, at which 
point the circuit breakers are tripped. The distance between the horns must be no greater 
than the CC phase spacing. In radial network, an arc protection device should be installed 
on the side of the load, and in a ring network on both sides of the insulator. When 
installing the arc protection connectors, there is no need to remove the conductor 
covering. For phase spacing over 60 cm and with low short-circuit currents, APDs do not 
adequately protect the conductor and another method of protection, e.g., a PAD, must be 
chosen (see Fig. 2.3). With small short-circuit currents, an arc will move slowly and 
stress the insulator for a prolonged period. To avoid damage to the insulator, the arc must 
be ignited directly in the spark gap, so that the short-circuit occurs through the cross-arm 
and trips the circuit breakers. PADs are not dependent on the direction of power feed, and 
therefore can be installed on either side of the insulator. PADs can be used with tension 
and suspension insulators. An advantage of surge arresters and current limiting devices is 
uninterrupted distribution of electricity to consumers. However, these devices may be 
damaged due to high lightning currents as well as the fact that their costs are higher. 
Therefore, APDs and PADs are economical solutions for arc protection schemes 
implemented for CC systems in distribution networks [13].  
2                                                                                       Using CC Overhead Lines in Distribution Networks                                     
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 
_____ 
10 
 
 
 
Fig. 2.2 Construction of a typical PAS line − Suspension pole with pin insulators and lightning protection 
using APDs implemented with arcing horns [13] 
 
               
      
       (a)   APD with insulator (1) and arcing horn (2)             (b)    PAD with spark gap (1)                                
 
Fig. 2.3 Different arc protection schemes implemented for PAS line [13] 
 
The CC line covers approximately 40% less space than that of a standard bare line [13]. 
This has enabled the use of overhead line installations in built-up areas, while in forests 
the required line corridor has narrowed to a larger extent. CC structures offer 
considerable space savings, especially in substation outputs, a desirable outcome in terms 
of preserving natural scenery. It is possible to save considerable space by laying parallel 
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(e.g., double) CC line structures (see Fig. 2.4), so saving the extra money incurred for 
buying wider right of way in case of bare conductors .  
 
 
 
Fig. 2.4 Double 20 kV PAS line − no wider than a normal single bare copper line 
 
Laying CC lines is a cheaper solution than underground cables for distributing energy to 
the consumers. However, it is costlier than bare conductor technology, e.g., CC lines 
(PAS 3×70) can be constructed at 50% less cost than underground cables (AHXMKW 
3×70). On the other hand, this system bears 30% extra cost as compared to bare lines 
(54/9 AlFe RAVEN) [13]. CC line construction costs are moderate, considering their 
advantages over traditional bare line structures. When parallel lines are constructed, bare 
and CC lines costs have no difference due to narrower right of ways in CC lines. 
 
2.4 Tree leaning experiments and tests  
 
The research has already been carried out for the suitability of CCs system in forest areas 
using a comprehensive electrical and mechanical test series [1].  The tests simulated the 
situations in which trees most often caused damage to 20 kV overhead lines. 
 
2.4.1  Mechanical tests performance  
 
The mechanical tests were conducted to calculate the forces acting on the structures and 
conductors of the SAX system. The prevailing conditions resembled the reality as closely 
as possible to find out which structural part would fail first when a tree fell on the line. 
The test lines having length 4 km were constructed and the conductors were tensioned to 
the values recommended by the manufacturer. The trees used on the lines were normal 
mature Finnish pine, spruce, and birch. Various types of trees were used in order to find 
out whether this factor had any effect from the point of view of mechanical stress. The 
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trees used in the force measuring tests were pine, spruce, and birch, having length 20.9 m 
(weighed 4.6 kN), 22.2 m (weighed 5.1 kN), and 20 m (weighed 3.9 kN), respectively 
[1]. The dynamometers were located to measure the forces acting on all three phases of 
the line span onto which the tree had fallen. The dynamometers were equipped with 
strain-gauge sensors and the measurement results were stored in the microcomputer 
which output the results graphically. The results of the force test in which a pine was 
made to fall onto 70 mm2 conductors are shown in Fig. 2.5. The results for forces exerted 
by spruce and birch were slightly lower because of the absorbing effect of their branches 
(only 10% difference).  During the SAX system test series, a tree was made to fall onto 
the conductors 16 times, and there were no cases of rupture of the covering. 
 
Following the strength tests, the average length of the trees was 18 m, with a weight of 
3.5 kN, were made to fall onto the same span of the test line equipped with 35, 70, and 
120 mm2 conductors. The aim was to find out the weakest point in the pole and 
suspension clamp structures. It was confirmed that the 35 mm2 line stood the weight of a 
5 kN mature tree falling on the span and the conductor was the first part to break. It was 
revealed that the 70 mm2 line withstood 5 corresponding trees falling on the span and the 
conductor was the weakest point. It was also revealed that the 120 mm2 line withstood at 
least 10 trees falling on the span and the poles constituted the weakest structural 
component if all the trees fell on the same span [1]. It was further proved that using 
horizontal cross-arms, the ability of SAX lines to withstand fallen trees could be 
increased because the increase in total tension was distributed more evenly between 
different phase conductors than in the triangular construction. Moreover, the 2.3 mm 
plastics covering could withstand well the mechanical stress exerted by the fallen trees. 
 
 
 
Fig. 2.5 Conductor forces vibrations when a mature pine is leaned against a 70 mm2 SAX line in a sunny 
environment (10 °C) [1] 
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2.4.2  Electrical tests performance  
 
For conducting electrical stress tests, a test voltage of 21 kV was applied to a 120 mm2 
line having 2.3 mm insulation thickness. When the voltage had been on for 123 days, a 
puncture occurred in the leaning tree test at the point where a birch tree was leaning on 
the conductor, this situation resulting in an earth fault [1].  The trunk was removed and 
the test continued with the other 9 tree trunks for 140 days. Apart from the puncture 
mentioned above, there had been no others during the test. For one of the spruce trunks, it 
was revealed that PDs at the contact point of the tree and conductor produced clearly 
perceptible sound phenomena, the intensity of which varied with variations in the 
humidity of the air. With the passage of time, these discharges also led to the conductor 
being pressed into the tree trunk (see Fig 2.6). In addition, the marks of PDs were visible 
on the surface of the conductor. The phenomenon of initiation of PDs due to leaning trees 
on the CC line has been explained in the next section.  
 
 
 
Fig. 2.6 Mark left on a spruce trunk by PDs when the trunk had been leaning on the tensioned conductor for 
94 days [1] 
 
2.5 Equivalent circuit of a leaning tree on CC line 
 
A leaning tree on the CC line can be represented by a simplified electrical equivalent 
circuit, drawn in Fig. 2.7, which depicts a scenario when the trunk of the tree is in contact 
with conductor insulation [27]. The stranded conductor is made of aluminum. A 
capacitance Cins represents the HDPE insulation cover on the conductor, while a 
capacitance Cair represents an air gap between the surface of the tree and conductor cover. 
The tree is modeled as a combination of parallel capacitances and resistances. The 
impedance of the tree depends upon several parameters, e.g., cellular structure of the tree, 
air humidity, tree humidity, temperature, and the state of the tree surface [27]. The earth 
is modeled as a resistance which thermal resistivity depends upon its density, 
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composition, and humidity (moisture contents) [34]. A more complex circuit may be 
drawn for a tree top (with leaves or needles) laying on the conductor. It is worth 
mentioning that equivalent circuit does not take into account the internal structure of the 
tree such as the different electrical characteristics of the bark of the tree, the tree itself, 
and the interface between the tree and the bark [27].  
 
 
 
Fig. 2.7 An electrical equivalent circuit of the leaning tree on CC line [27] 
 
PDs are produced due to the falling trees on the CC lines which can be treated as a 
gliding discharge. The relative permittivites of CC insulation (HDPE) and air are 2.26 
and 1, respectively. The higher relative permittivity of HDPE compared to air causes the 
electric field strength to be higher in the air gap than in HDPE. The electric field around 
the conductor is heavily distorted due to the leaning tree and PDs are produced in the air 
gap between the surface of the tree and conductor insulation.  
 
The contact resistance between the CC insulation and the tree is assumed to be time 
dependent during the fault, occurring due to the leaning tree. When the tree first leans on 
the line, the fault impedance is in the order of tens or a hundred MΩ (including insulation 
and tree resistances), so the tree cannot be detected with conventional earth fault 
detection methods. Due to continuous PD activity, the carbonization starts occurring in 
the conductor covering and the tree, eventually leading to punch through in the CC 
insulation. The fault impedance mainly consists of the tree impedance itself and 
resistance between the tree and earth after the conductor cover has burned off from the 
contact point. The fault impedance varies depending upon the soil composition, soil 
density, moisture contents in the soil, and the size and type of the leaning tree. The fault 
impedance measurements on an experimental 20/12 kV bare conductor line having 
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earthed neutral are reported in [3]; the fault impedance is 10-58 kΩ in spring and summer 
conditions and is up to 2.1-3.2 MΩ in winter season.  
 
In Finland, the rain often falls during the whole year. The rain water droplets may come 
between the surfaces of the tree and CC. The permittivity of water is quite frequency-
dependent. Moreover, the resistivity of water is dependent upon the chemical materials at 
the surface of the tree and the ground. Therefore, a complex electrical circuit of the tree 
(consisting of a parallel circuit of capacitance and conductance due to the water droplets 
in series with the capacitance and conductance of the tree) can also be developed for deep 
analysis under such circumstances. 
 
2.6 Objectives and challenges posed by CC system 
 
The use of CC overhead lines in the distribution system started with the need to decrease 
the number of faults caused by the falling trees as well as reducing the expenses with tree 
clearances and the maintenance and system life span [8]. The statistics confirm that the 
number of faults dropped to 0.9 per year per 100 km compared to 4.5 per year per 100 km 
for lines with bare conductors [13]. The general objectives of the CC technology can be 
described as follows [11]: 
 
i) It has been revealed that power lines have a harmful impact on biodiversity 
because they divide artificially the surrounding nature. Using CC lines, the 
wayleaves (corridors) of the power lines can be constructed significantly 
narrower. 
ii) The safety of power lines improves with CC lines. Statistics show that a 
number of people die in HV accidents because of direct contact with HV 
conductors. Using CC lines, a greater part of these accidents can be avoided. 
In addition, many birds die every year by colliding with power lines. A 
number of these fatal collisions can also be avoided using this technique. 
iii) Using CC lines, the old lines can be upgraded without constructing a new 
transmission line. For instance, when there is a need to increase the voltage, it 
can be done only by changing the old conductors to covered ones without 
major changes in tower structures etc. This can benefit the environment 
considerably. 
iv) Power lines are surrounded by electric and magnetic fields. These fields 
possibly impact on people with health concerns. Low magnetic fields are 
present  in the vicinity of the CC lines. 
 
In addition to the above mentioned objectives, CC lines have several advantages, e.g., 
there are no faults or problems with snow or hoar frost, there are no interruptions from 
falling branches, no faults are caused  when  conductors are touching due to ice-shedding, 
and CC lines are a cheaper alternative to underground cable when laying in difficult 
terrain [10], [35]. However, these kinds of conductors pose some problems, such as: 
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i) PDs are produced due to falling/leaning trees on the surface of CC lines. The 
falling trees may produce knife traces on the conductor surface due to 
difference in wind pressures, which may aggravate the situation of initiating 
PDs, resulting in rupture of the conductor insulation. The falling trees cannot 
be detected with normal protection relays. 
ii) The different dielectric constants of the material employed, generating electric 
field concentration and consequently the possibility of the corona effects. 
iii) CC lines are sensible to ultra-violet radiations. 
iv) CC lines are susceptible to thermo mechanical effects, which eventually cause 
cracks. 
 
2.7 Discussion 
 
The CC lines have been frequently used in MV networks in Finland for a long time. CC 
overhead lines (PAS and BLX) were developed in order to improve the reliability of the 
distribution system for transfer of electricity. The CC system has diminished the number 
of interruptions caused by faults. The plastic covering for CC lines prevents interruptions, 
or outages due to collisions or momentary contact with a foreign object. Due to its 
coating, faults caused by snow and ice falling from trees have been almost completely 
eliminated. According to statistics, the failure rate has been diminished to a larger extent 
for CC lines as compared to bare conductors. It has also helped to make line corridors 
narrow, a particular advantage in built-up areas. Using overhead line structures, it is 
possible to fit substation outputs into a small space; an excellent solution in aesthetic 
terms. Several years in use have proven the CC system to be an extremely functional, 
reliable, cost-effective, and a safe solution for overhead lines. 
 
Over voltage is induced on the line when lightning strikes an overhead line or its vicinity. 
The magnitude of the over voltage is approximately the same in all phases and may rise 
to several hundred kV between the phase and earth. The power arc can move freely along 
an ordinary bare conductor line towards the load; however, the covering forms an 
obstacle in case of CC lines. In order to prevent damage, a CC line must be protected by 
installing APDs or PADs at the appropriate locations.  The mechanical and electrical tests 
have already been conducted for falling trees on the CCs system and the SAX line 
structures succeeded well in these tests. The insulating layer of a CC line can withstand a 
tree for a certain time. However, the big challenge faced by the utilities is that falling 
trees on the CC lines produce PDs, which should be detected and removed for the better 
reliability of the supply to the consumers. 
 
Several network companies have secured an interruption-free electricity supply for their 
key customers by choosing the CC structure for their MV networks. The good 
experiences in Northern Europe and the endeavor to prepare a European standard give a 
good background for CC system in future. 
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Chapter 3 
 
On-line PD Detection in CC Overhead Distribution 
Networks  
 
This chapter describes basic concepts and the methodology for detecting PDs produced 
due to falling trees on the CC overhead distribution lines. For this purpose, the Rogowski 
coil is used as a PD sensor. This sensor is non-intrusive and superior to the conventional 
PD detecting methods. The advantage of on-line PD monitoring allows for conductor 
insulation diagnostics during normal operation as well as when the trees are leaning on 
the conductors. The experimental set-up was arranged in the HV laboratory for real-time 
analysis. A pulse calibrator was used for the calibration of the measuring system. The 
measurement results show that it is possible to detect falling trees on the CC overhead 
lines using a Rogowski coil PD sensor.  
 
3.1 Basic concepts 
 
3.1.1  What is partial discharge (PD)? 
 
The term “PD” is defined by International Electrotechnical Commission (IEC) 60270 
High-Voltage Test Techniques − Partial Discharge Measurements, as a localized 
electrical discharge that only partially bridges the insulation between conductors and 
which may or may not occur adjacent to a conductor. A PD is confined in some way that 
does not permit complete failure of the system, i.e., collapse of the voltage between the 
energized electrodes such as the cable conductor and neutral wires. PD can result from 
breakdown of gas in a cavity, breakdown of gas in an electrical tree channel, breakdown 
along an interface, or breakdown between an energized electrode and a floating 
conductor, etc. [36]. 
PDs occur due to displacement of charge. This produces a rapid rate of change of current 
that occurs as the dielectric begins to breakdown. This rate of change is predominantly 
determined by both the nature of the dielectric and applied electric field. 
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As PD is a small electrical avalanche caused by locally disrupted electric fields in 
dielectric materials, it is a symptom of insulation weakness and at the same time can lead 
to severe deterioration of the insulating material. Therefore, it is known as one of the 
major factors to accelerate degradation of electrical insulation. The types of discharges 
are often divided into three groups due to their different origins as [37]-[40]: 
 
A. Internal discharges 
 
i) Cavity discharges, i.e., discharges from gas-filled voids, delaminations, 
cracks, etc. within solid insulation. A refined classification could be made to 
distinguish between the cavities that are on one side bounded by the metallic 
electrode, and the cavities that are completely surrounded by the insulating 
material. Voids may have their origin from cast insulation like epoxy spacers 
in sulfur hexafluoride (SF6) bus bars, from dried out origins in oil-impregnated 
paper cables, from gas bubbles in plastic insulation, etc. Delaminations occur 
in laminated insulation like the stator-bar insulation of large electrical 
machines that often is composed of mica based tapes with binding enamel like 
epoxy. Cracks could occur in mechanically stressed insulation, e.g., in loose 
stator bars that are vibrating. 
 
ii) Treeing discharges, i.e., current pulses within an electrical tree. The electrical 
tree may start from a protrusion on the electrode or form imperfections like 
contaminating particles embedded in the solid insulation. 
 
Internal discharges are in many cases crucial for the life of the insulation. Voltage life 
depends on several variables, the most important ones being field strength, discharge 
magnitude, and material. 
 
B. Surface discharges 
 
There are discharges on the surface of an electrical insulation where the tangential field is 
high, e.g., the porcelain or polymeric housing of HV devices. These discharges occur 
from the edges of the electrode parallel to the surface of the dielectric − the so called 
“gliding discharges” or “edge discharges” [18], [41]. The PDs produced due to falling 
trees on CC overhead distribution lines is an example of the surface discharges. Other 
common sources are terminations of cables or end-windings of stator windings. Another 
example could be corona discharges from an edge in a termination, which originates as a 
source for corona discharges, but that at a later stage start to propagate as surface 
discharges.  Surface discharges are less dangerous than internal ones because they are 
less concentrated; considerably larger magnitudes, therefore, may be tolerated. 
 
C. Corona discharges 
 
These discharges occur in gases (or liquids) caused by a locally enhanced field from 
sharp points on the electrodes. It is worth mentioning that in case of corona discharges, it 
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is not the possible damages to insulation which are of interest (as in case of ageing due to 
internal PDs) but the higher frequency disturbances arising out of these PDs, and quite 
often the energy dissipated (corona losses) together with its chemical after-effects [18], 
[41]. In short, Corona is often harmless, but by-products like ozone and nitric acids may 
chemically deteriorate nearby materials.  The PDs occurring around electrodes of small 
radius of curvature, i.e., corona discharges, and those on the surface of solid insulating 
materials are known as “external discharges” 
 
3.1.2  Understanding initiation of PD signals 
 
The generation of PD signals could be analyzed by considering a cavity in the dielectric 
material of the CC line. The cavity is generally filled with air or some gas. The behavior 
of internal discharges at AC (alternating current) voltage can be described using the well-
known a-b-c circuit (see Fig. 3.1). The capacity of the cavity is represented by a 
capacitance c which is shunted by a breakdown path. The capacity of a dielectric in series 
with the cavity is represented by a capacitance b. The sound part of the dielectric material 
is represented by capacitance a. In Fig. 3.1, the faulty part of the dielectric corresponds to 
I, the sound part to II [37]. 
 
The same representation can be given for surface discharges, which are produced due to 
falling trees on CC lines. The surface that is covered by the discharges has a capacity c to 
the electrode (a falling tree in this case) and a capacity b through the insulation. The rest 
of the dielectric is again represented by capacity a as may follow from Fig. 3.2. 
 
 
 
 
 
Fig. 3.1 Equivalent circuit of a dielectric with cavity [37] 
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Fig. 3.2 A dielectric circuit for surface discharges due to falling trees on CC line [37] 
 
The electric fields inside the conductor insulation (Ea), and in cavity (Ec) are given as: 
 
c
e
a
DE ε=                                                                                                                          (3.1) 
 
0ε
e
c
DE =                          (3.2) 
 
where De is the electric flux density in the conductor and it is directly proportional to the 
applied voltage Va to the conductor. εc is the permittivity of the insulating material and    
εc=ε0εrc, where εrc is the dielectric constant (relative permittivity) of the conductor 
insulating material (always greater than unity), and ε0 is the permittivity of the free space 
(or air). The electric field (or dielectric breakdown strength) is 3 kV/mm at 1 atmosphere 
air pressure. Its magnitude depends upon the shape, location, and pressure of air or gas 
inside the cavity. 
 
As the applied voltage Va is increased, the electric field in the cavity is greater than the 
field in the surrounding dielectric as a result of the lower permittivity of the air or gas in 
the cavity, i.e., 
 
as εc〉ε0 then, Ec〉Ea 
 
When the field becomes sufficiently higher in the cavity, the air can break down, in the 
process of which it goes from non-conducting to conducting, and the field in the cavity 
goes from very high to nearly zero immediately after the discharge. The measured PD 
signal is the result of the change in the image charge on the electrodes as a result of the 
transient change in the electric field distribution caused by the discharge. Such a 
discharge generates a voltage PD signal between the system conductors as a result of the 
change in the electric field configuration, which takes place when the discharge occurs.  
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This phenomenon could be well understood by considering the transient change in 
capacitance between the conductor and the ground shield of the conductor when the 
cavity goes from non-conducting to conducting. Obviously the capacitance increases 
when the cavity is conducting, which means that a current must flow down the conductor 
to charge the additional capacitance and to maintain constant voltage on the conductor. 
This current flows through the impedance of the cable and generates a voltage pulse, 
which propagates down the conductor [36]. 
 
3.1.3  Quantities related to PD magnitude 
 
A.  Charge transfer 
 
The charge q1, which is transferred in the cavity could be taken as a measure (see Fig. 
3.1). If the sample is large as compared to the cavity, as will usually be the case, this 
charge transfer is equal to [37]: 
 
Vcbq ∆+≅ )(1                                    (3.3) 
 
Where ∆V=Vi-Ve, Vi is the breakdown voltage at which the discharge occurs in the 
cavity, and Ve is the voltage at which the discharge extinguishes. The equation (3.3) is not 
an exact relation, but an approximation by assuming that the sample is larger as compared 
to the cavity size. In that case, the capacitance of the specimen a is much larger than 
capacitances b and c. 
 
As the deterioration of the dielectric certainly is related to the charge transfer in the 
defect, q1 would be an attractive choice. However, q1 cannot be measured with a 
discharge detector and it is therefore not a practical choice.  
 
B.  Apparent charge transfer in sample 
 
The displacement of charge q in the leads of the sample can be taken (see Fig. 3.1). This 
quantity is equal to: 
 
Vbq ∆=                          (3.4) 
 
It causes a voltage drop b∆V/(a+b) in the sample. Most discharge detectors respond to 
this voltage drop and, therefore, they are capable of determining q. 
 
The charge q1 delivered at the cavity by the PD is not identical with that recouped from 
the power supply network, measurable at the terminals as "apparent" pulse charge q. 
Thus, 
 
1qcb
bq ⎟⎠
⎞⎜⎝
⎛
+=                   (3.5) 
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C. Choice of q as a measure of discharges 
 
The characteristics of the transfer of charge q make it an attractive quantity for the 
measurement of discharges. These characteristics are [37]: 
 
i) q is directly related to the energy in the discharge 
ii) q is directly related to the size of the defect 
iii) q can readily be measured with an electrical discharge detector 
iv) It can be shown that the harmfulness of a discharge is related to the order of 
magnitude of q in powers of ten 
It must be emphasized that the discharge magnitude is not equal to the charge transfer in 
a cavity. The charge transfer q1 is usually several tens of times larger than the apparent 
charge q. The only disadvantage in using q is that it is inversely proportional to the 
insulation thickness. Thicker insulations are thus measured with less sensitivity than 
thinner ones.  
 
3.1.4  PD signal characteristics 
 
A PD pulse in a dielectric gives rise to an electromagnetic pulse (after the cavity 
collapses) with a rise time in the ns range and a pulse width in the range of 1.5 ns. The 
resulting voltage pulse propagates in both directions away from the PD source. The 
optimum bandwidth for detection of such a “fast” pulse is in the range of 300 MHz. 
Discharge from electrical trees in aged solid dielectrics often takes the form of a cascade 
of such fast pulses. In aged cavities, the PD pulse can broaden to have a rise time of up to 
several tens of ns and a pulse width up to some hundreds of ns. For such a broad pulse, a 
bandwidth in the range of 10 MHz is sufficient [42]. 
 
Empirical evidence suggests that the frequency spectrum is bounded for a specific 
dielectric. Results show that air discharges radiate the majority of their energy at 
frequencies below 200 MHz, whereas discharges in oil or SF6  (stronger dielectrics) have 
a broader spectrum extending up to 1 GHz [43]. Generally the frequency components of a 
PD produced in extruded and impregnated laminar dielectric cables (or CCs) range from 
200 kHz to the GHz region.  However, all shielded power cables and CCs have 
substantial high frequency attenuation that increases the pulse width and decreases the 
pulse amplitude as a function of distance propagated, which also limits the optimum 
signal detection bandwidth [44], [45]. The PD propagation characteristics have been 
studied using a numerical electromagnetic analysis in reference [46].  Based on this work, 
Toshiba is said to have developed a sensing (fault location) system for a gas-insulated 
substation. 
 
The PD data transferred need to be processed to obtain the PD characteristics such as 
peak value, apparent charge, phase position, repetition rate, and PD energy. The PD 
signal attenuates during its propagation and it gives rise to certain critical detection 
issues, such as sensor locations and sensitivity, measurement system response to 
attenuated signals, and noise detection and elimination. 
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3.2 Conventional PD detectors and their limitations 
 
When a PD occurs, a current pulse is produced and this current pulse interacts with the 
insulation capacitance as well as the external elements in the test circuit. Consequently, a 
voltage pulse is superimposed on to the HV supply voltage. The conventional detection 
methods generally employ matching impedance consisting of resistors, inductors and 
capacitors in the PD current path. The measuring resonant circuit expands the discharge 
current pulses in the time domain for easier detection. In the event of PD taking place, a 
quantitative parameter is required to decide whether the apparatus needs to be repaired or 
replaced. This means that the detected signal needs to be accurately calibrated. In most 
cases, calibration is done by injecting a known amount of charge and measuring the 
voltage amplitude from the detector. There are following two different methods of 
conventional PD investigation [47]. 
 
i) Straight detection including direct and indirect methods 
ii) Balance detection method (bridge circuit)  
 
The conventional PD detection technique can identify discharges in short isolated cable 
lengths only. Unfortunately, it has insufficient sensitivity for a long circuit because of the 
large capacitance involved. It is also required to isolate the cable from the circuit. PD 
testing requires, besides the PD detector, additional HV components such as a test-
voltage supply and a coupling capacitor, which are heavy and expensive and not suitable 
for on-site tests [48]. The capacitor is a very high impedance to the high ac voltage, while 
being a very low impedance to the high frequency PD pulse currents. The PDs are 
detected via a high-pass filter established by this capacitor and the resistive measuring 
impedance [24]. This method has two main disadvantages for on-line application: 
 
a) Since the HV capacitors have to be connected to the phase conductors, the cable 
has to be switched off, and power delivery is interrupted.  
b) The HV capacitor has to be connected for a long measuring time, or even 
permanently. HV capacitors are not always reliable in the long term and can, 
therefore, become a cause of faults themselves [24].  
 
Instead of installing a lumped component, capacitive coupling can also be realized 
through a metal electrode, e.g., a plate can be installed at a certain distance from a phase 
conductor. The obtained capacitance, however, is now highly dependent on the geometry 
of the substation, cable termination, and positioning of this electrode. Furthermore, the 
capacitance is relatively low.  In modern substations, a capacitor is sometimes integrated 
in the switchgear to detect the power frequency voltage on each phase conductor. The use 
of this capacitor for measuring small signals like PDs is in practice hard, due to its small 
value (usually <100pF). Moreover, this method would not be very universal, since it 
depends on the presence of this particular type of switchgear. In short, these conventional 
techniques experience severe limitations when it comes to on-line monitoring due to the 
influence of background noise, absence of non-intrusive sensors and processing facilities. 
They are, therefore, restricted to testing in a laboratory environment. 
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Recent studies have shown that radiation from PDs is impulsive in nature and consists of 
individual high-energy, wideband impulses of a few µs in length. The digital storage 
oscilloscopes and advanced digitizers enable study of the PD signals more closely using 
window processing, zooming and auto-advance features. Such techniques promise to be 
superior to the currently used conventional PD detector methods. Additional benefits may 
be gained if monitoring can be performed as a continuous on-line measurement with 
automatic PD data analysis [49]. Costs and need for personnel expertise are reduced and 
the reliability of condition assessment is improved [50]. Recently, the PD detection 
frequency range has been extended up to the radio frequency band with the development 
of new sensors e.g., Rogowski coils. 
 
3.3 Rogowski coil as a PD sensor 
 
In 1912, the Rogowski coil was introduced to measure magnetic fields. Since the coil 
output voltage and power were not sufficient enough to drive measuring equipments, it 
has been widely used for measuring fast, high-level pulsed currents in the range of a few 
mega-amperes rather than in power system [51]. With the improvement of today’s 
microprocessor-based protection relays and measurement devices, the Rogowski coils are 
more suitable for such applications. They have generally been used where other methods 
are unsuitable [52]. They have become an increasingly popular method of measuring 
current within power electronics equipment due to their advantages of low insertion loss 
and reduced size as compared to an equivalent CT [53]. They are the preferred method of 
current measurements having more suitable features than CTs and other iron-cored 
devices. 
 
The coils have also been used in conjunction with protection systems particularly high 
accuracy systems or where there are direct current (DC) offsets which would degrade the 
performance of CTs.  This is useful when measuring the ripple current, e.g., on a DC line. 
The features of the Rogowski coils which make them particularly useful for transient 
measurements stem from their inherent linearity and wide dynamic range. 
 
3.3.1  Construction of Rogowski coil 
 
A Rogowski coil is basically a low-noise, toroidal winding on a non-magnetic core 
(generally air-cored), placed around the conductor to be measured, a fact that makes them 
lighter and smaller than iron-core devices. 
 
To prevent the influence of nearby conductors carrying high currents, the Rogowski coil 
is designed with two wire loops connected in electrically opposite directions [30]. This 
will cancel all electromagnetic fields coming from outside the coil loop. The first loop is 
made up of turns of the coil, and the other loop can be formed by returning the wire 
through the centre of the winding as shown in Fig. 3.3, where d1, d2, and drc are the 
internal, external, and net diameters of the Rogowski coil, respectively. The coil is 
effectively a mutual inductor coupled to the conductor being measured and the output 
from the winding is an electromotive force proportional to the rate of change of current in 
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the conductor. This voltage is proportional to the current even when measuring complex 
waveforms, so these transducers are good for measuring transients and for applications 
where they can accurately measure asymmetrical current flows. 
 
 
 
Fig. 3.3 Geometry and construction of the Rogowski coil 
 
The self inductance of the coil is fixed, and its mutual inductance with the HV test circuit 
varies to some extent (or slightly) depending on the position of the coil in relation to the 
conductor. But once the coil is clamped and held stationary, the mutual inductance 
remains constant. Usually the coil is not loaded and the voltage appearing across it is 
used as PD measurement signal. Under this condition, the coil voltage is directly 
proportional to the derivative of the current in the conductor. Owing to the small value of 
the mutual inductance it acts as a high pass filter; the sensor, therefore, attenuates the 
power frequency component of the current in the conductor and minimizes EMI at lower 
frequencies. However, the PD signals are in the range of MHz generally and induce 
sufficiently large voltage in the range of mV.  
 
The coils are designed to give a high degree of rejection to external magnetic fields, e.g., 
from nearby conductors. The coils are wound either on a flexible former, which can then 
be conveniently wrapped around the conductor to be measured or are wound on a rigid 
former, which is less convenient but more accurate. Both of these transducer types exhibit 
a wide dynamic range, so the same Rogowski coil can often be used to measure currents 
from mA to kA. They also exhibit wideband characteristics, working well at frequencies 
as low as 0.1 Hz, but are typically useful up to hundreds of kHz, too. All this with low 
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phase error and without the danger of open-circuited secondary (as could happen in case 
of CT). A typical mutual inductance of a standard flexible Rogowski coil (used in this 
research work) is up to 200-300 nH and its resonant frequency lies in the high frequency 
spectrum [31], [54]. 
 
3.3.2  Working principle of Rogowski coil 
 
The Rogowski coil operates on the basic principle of Faraday’s law. The air-cored coil is 
placed around the conductor, where current pulses produced by PDs are to be measured. 
This variable current produces a magnetic field and the rate of change in current induces 
a voltage in the coil given as: 
 
dt
tdiMtrcv
)()( −=                                                                                                           (3.6) 
 
where vrc(t) is the voltage induced in the coil by the current i(t) flowing in the conductor 
due to the mutual inductance M between the main current and the coil, which is 
practically independent of the conductor location inside the coil loop. 
 
For simplified analysis, the behavior of the Rogowski coil with terminating impedance 
Zout can be represented by its equivalent circuit of the lumped parameters as shown in Fig. 
3.4 [55], where Rl, Ll, and Cl are the lumped resistance, inductance, and capacitance of 
the coil, respectively. The high frequency behavior of the coil, in particular its bandwidth 
and susceptibility to high frequency oscillations, is significantly influenced by the 
terminating impedance Zout. There is a trade-off between the bandwidth and the 
sensitivity of the coil. The transfer function (Vout/Vrc) of the Rogowski coil lumped 
parameters model (see Fig. 3.4) can be calculated as: 
 
 
 
 
Fig. 3.4 The Rogowski coil equivalent circuit (lumped parameters model) 
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Usually the air-cored coil is used in combination with large load impedance, i.e., ωLl<< 
Zout. ω is the angular velocity (rad/s), where ω=2πf, and f is the frequency (Hz) of the 
propagated signal. By assuming that the Rogowski coil has negligible resistance, the 
approximate measured voltage at terminals becomes: 
 
dt
tdiMtvtv rcout
)()()( −≈≈             (3.8) 
 
So the output voltage at the terminals of the winding wounded around the toroidal coil is 
proportional to the time derivative of the current flowing in a conductor passing through 
the coil. An integrator is incorporated with the coil, which integrates the output voltage 
vout(t) according to the following equation to convert it into the current following through 
the conductor, 
 
dttv
M
ti out )(
1)( ∫−=                         (3.9) 
 
The components of a flexible Rogowski coil i.e., the toroidal coil and integrator are 
shown in Fig. 3.5, which has been used in this research work. However, the Rogowski 
coil without integrator has been used to capture directly the voltage signals produced due 
to PDs. 
 
 
 
Fig. 3.5 Components of a flexible Rogowski coil, make FLUKE i2000flex [56] 
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3.3.3  Advantages of using Rogowski coil 
 
In the conventional PD sensor, the test circuit capacitance determines the frequency 
bandwidth and it is usually not very wide compared with this sensor. The frequency 
bandwidth of the Rogowski coil is not influenced by the capacitance of the test circuit. It 
is determined largely by the self inductance and the capacitance of the coil and signal 
cables. It has the following advantages: 
 
i) The frequency response of the Rogowski coil sensor is very wide.  
ii) There is no conductive coupling between the coil sensors and the HV test 
circuits. Furthermore, the coil installation does not necessitate disconnection 
of the grounding leads of the test objects and therefore becomes a non-
intrusive sensor which is a very important aspect for on-site, on-line 
monitoring. 
iii) It has the advantage of possessing high signal to noise ratio (SNR) with wide 
frequency bandwidth.  
iv) There is no saturation due to air-cored coil; therefore, it is not damaged by 
over current. 
v) It has very good linearity due to the absence of magnetic materials. 
vi) The Rogowski coil based PD measurement system is a low cost solution and 
can be easily implemented on-site due to its light weight. 
 
These advantages are essential for on-line PD measurements; therefore, the Rogowski 
coils are preferred over conventional PD sensors to take measurements for detecting 
falling trees on CC overhead distribution lines. 
 
3.4 Significance of on-line PD detection in CC lines 
 
The CC lines have been used in MV networks throughout the world since long. One 
compelling reason to use CC lines is that they are more compact and environment-
friendly than bare conductors. The CC line also withstands clashing and fallen trees for a 
considerable time without interruption to the power supply. In this way, the line can 
continue to function despite the tree contact and the removal of the trees can be scheduled 
appropriately. A drawback of CC lines in distribution networks is that falling trees on the 
line can neither be detected with normal protection relays nor be localized by advanced 
high impedance relays because the fault current is approximately nothing due to the CC 
insulation and tree resistances. However, these leaning trees produce PDs in the 
insulation of the CC lines as mentioned in the previous chapter, which may rupture after 
the passage of a certain time, resulting in different kind of faults being introduced into the 
network. By monitoring these PDs on-line, progressive deterioration of the insulation can 
be indicated. Early detection of developing faults leads to better power quality and 
increased customer satisfaction. PD monitoring involves an analysis of materials, electric 
fields, arcing characteristics, pulse wave propagation and attenuation, sensor spatial 
sensitivity, frequency response, calibration, noise, and data interpretation. 
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For electric power distribution industries, continuous monitoring of installed and 
operating HV apparatus is of particular importance from the point of view of safety and 
reliability. The relatively new and challenging application is conducting on-line high 
frequency PD measurements for the monitoring of falling trees on the CC overhead 
distribution lines [57].  The advantage of on-line PD monitoring allows for conductor 
insulation diagnostics during normal operation, and specifically, when the trees are 
leaning on the conductors. The falling trees produce PDs, whose magnitude increases 
when trees cause the surface of the conductors to deteriorate. Automatic detection of the 
falling trees will reduce visual inspection work after storms and it will improve reliability 
and safety of the distribution system. Recently, a great interest has been shown by electric 
utilities using CC system in distribution networks in Finland to develop an on-line 
automatic system that should be capable of detecting falling trees on the lines. The 
system can be planned to be integrated into the distribution automation system to reduce 
the overall costs of the CC lines [27]. 
 
For the development of the on-line PD measuring system using a Rogowski coil to detect 
falling trees on the CC lines, the following few experiments were conducted to 
investigate the PD wave propagation over the CC line as well as to analyze the behavior 
of the Rogowski coil for high frequency measurements. 
 
3.5 Experimental set-up 
 
An experimental set-up was arranged in the HV laboratory at TKK. A single-phase CC 
line was laid at a certain height (≅3 m) above the ground level, and the return path was 
provided through the ground. The experimental system consisted of:  
 
i) CC having length of 29.2 m, 10 mm inner diameter of the aluminum 
conductor and 14.5 mm outer diameter along with HDPE insulation 
ii) Flexible Rogowski coil (without integrator) mounted around the CC  
iii) A pine tree leaning on the conductor to simulate a real world situation  
iv) Pulse calibrator, for calibrating the PD measuring system  
v) Digital oscilloscope, model Lecroy 9384TM 
vi) Computing system (laptop) for data acquisition  
vii) Grounding capacitor Cg of magnitude 500 pF,  for connecting conductor-end 
to the ground, and  
viii) HV power supply, 20 kV (line-to-line) AC 
 
Figs. 3.6, 3.7, and 3.8 depict an on-line single-phase PD measuring set-up. The Rogowski 
coil is looped around the CC line to capture the PD signals produced by the pulse 
calibrator and due to a leaning pine tree when the line is energized as shown in Fig. 3.6. 
The PD signals are displayed on the oscilloscope and the data is stored for further 
processing and features extraction. The 20 kV AC power is supplied by a step-down 
transformer as shown in Fig. 3.7. The close-up view of the leaning pine tree can be seen 
in Fig. 3.8. The height of the CC line is not fixed at all points because it is looped with 
the supporting ropes. Moreover, the CC line comes nearer to the ground at the point 
where the tree is leaning on it.  
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Fig. 3.6 On-line single-phase PD measuring set-up 
 
 
 
 
Fig. 3.7 Application of 20 kV AC supply for energizing conductor 
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Fig. 3.8 A pine tree leaning on the CC line 
 
 
 
 
 
PULSE CALIBRATOR  P1                 (a)              P2 
6 m 17.7 m 5.5 m
Ground
Cg 
S1 S3
S2
 
 
Cg 
Ground
HV SOURCE     PT                      (b)              P2
3.5 m 20.2 m 5.5 m
 
 
Fig. 3.9 Single-line diagram for on-line PD measuring system with:  
(a) pulse calibrator, (b) HV 20 KV supply 
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Two sets of PD measurements are performed on the CC line. First, for calibrating the PD 
measuring system, a pulse of known magnitude is injected into the conductor by a pulse 
calibrator, and the Rogowski coil measurements are taken at points P1 and P2, as shown in 
Fig. 3.9 (a). Second, the conductor is energized with 20 kV distribution voltage, trees are 
leaned at point PT on the conductor, and the Rogowski coil measurements are taken at 
point P2 as shown in Fig. 3.9 (b). The distances of the measuring point P1 and tree leaning 
point PT from the sources have been taken randomly; these do not affect the performance 
of measurements in general. 
 
3.6 PD measurement methodology 
 
The PD data captured by the Rogowski coil is essentially an oscillatory voltage pulse, 
which needs to be processed to obtain PD characteristics such as peak value, apparent 
charge, phase position, repetition rate, and PD energy.  The apparent charge q(t) entering 
into the system due to PDs is given as: 
 
∫ ∫∫ −== 2)(1)()( dttvMdttitq out                                                                                 (3.10) 
 
where vout(t) is the oscillating voltage appearing at the output terminals of the sensor, M is 
the mutual inductance of the Rogowski coil (which is taken as 200 nH in this case), and 
i(t) is the current flowing in the conductor due to PDs. 
 
The fast Fourier transforms (FFTs) of the acquired pulses show the spectrum of 
frequency contents present in the signals. An infinite impulse response (IIR) band-pass 
filter (Butterworth type) of order 16 having frequency band (1-6 MHz), depending on the 
frequency contents of the interferences and disturbances in the signal, is applied for noise 
elimination. Using the above steps and mathematical expression of equation (3.10), the 
following Simulink model can be used to measure the PD magnitude by the Rogowski 
coil (see Fig. 3.10). 
 
 
 
 
Fig. 3.10 Simulink model for PD measurements 
 
 
 
 
3                                    On-line PD Detection in CC Overhead Distribution Networks 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 
_____ 
33 
 
If the Rogowski coil geometry is not symmetrically positioned around the CC line, the 
experimental results are logically influenced, however, no significant effect has 
practically been found in time or frequency domain behavior measurements (see Fig. 
3.11). It proves that the mutual inductance of the coil is independent of its position 
around the CC line. Therefore, a constant value of M (200 nH) is used in the calculations. 
In Fig. 3.11, the symmetrical geometry is defined when the CC line is in the middle of the 
Rogowski coil, and asymmetrical geometry is defined when the Rogowski coil is 
touching the surface of the CC line insulation.  
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Fig. 3.11  Rogowski coil responses for 5 nC calibrator pulse at point P2 for its different geometries around 
the CC line; (a) time domain,  (b) frequency domain 
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3.7 PD Measurements and results 
 
In order to establish the relationship between the magnitude of a discharge in the sample 
and the signal received, calibration is always required. Conventionally, this can be done 
by connecting a standard discharge calibrator across the sample, usually before testing 
[47]. A rectangular step voltage of amplitude V0, in series with a small known 
capacitance C0, is connected to one end of the sample. The charge injected into the 
sample is equivalent to a discharge of magnitude Q0 given as: 
 
000 VCQ =                         (3.11) 
 
As the injected charge between the conductor and shield is known, the calibration factor k 
which is the ratio of PD measurement voltage output, V, and the injected charge, Q0, can 
be calculated as: 
 
000 VC
V
Q
Vk ==                             (3.12) 
 
A linear relationship between the discharge magnitude and the signal received from the 
sensor is obtained, indicating a constant k. This method is suitable for laboratory tests 
where a short piece of sample is often encountered. However, detecting PDs on the CC 
lines is a different scenario where very long lines are investigated in real systems. The 
effect of on-line/on-site interferences and disturbances are also taken into account and the 
actual measurements must be de-noised to get the reliable PD detection results. 
Therefore, the applicability of conventional calibrating systems is limited and the 
calibration of the on-line PD measuring system is carried out on the basis of actual 
measuring system (depicted in Fig. 3.10). 
 
3.7.1 Calibration of on-line PD measuring system 
 
A 50 nC calibrator pulse is sent from one end of the conductor and the Rogowski coil 
measurements are taken at points P1 and P2, at the distance of 6 and 23.6 m from the point 
of the insertion of the calibrator pulse, respectively. These measurements are taken to 
calibrate the measuring system. The voltage pulse captured by the Rogowski coil sensor 
at point P1 for the 50 nC calibrator pulse is shown in Fig. 3.12. This pulse is taken and is 
padded with zeros up to the length N=2n for n=16 (N=65536 points) and its FFT is drawn 
in Fig. 3.13. A time step of ∆T=20 ns is used in the Fourier analysis. From the FFT, it is 
clear that the dominant contents of the signal lie in the frequency range from 1-4 MHz 
and noise can also be seen in higher frequency ranges. The noise is removed by implying 
an infinite impulse response (IIR) band-pass filter (1-4 MHz). The pulse becomes 
smoother after noise suppression as shown in Fig. 3.14. The de-noised pulse is processed 
in the Simulink model to determine the quantity of the PDs. 
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Fig. 3.12 The Rogowski coil voltage response for 50nC calibrator pulse at P1 
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Fig. 3.13  FFT of the Rogowski coil voltage for 50nC calibrator pulse at P1 
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Fig. 3.14  The Rogowski coil voltage responses before and after filtering for 50nC pulse at P1 
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Fig. 3.15  The Rogowski coil voltage response for 50nC calibrator pulse at P2 
 
 
The 50 nC calibrator pulses captured by a Rogowski coil at point P2 in the time and 
frequency domain are shown in Figs. 3.15 and 3.16, respectively. The PD measured for 
50 nC pulse calibrator charge at P1 (37 nC) and P2 (10 nC) using Simulink model of Fig. 
3.10 are shown in Fig. 3.17. 
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Fig. 3.16 FFT of the Rogowski coil voltage for 50nC calibrator pulse at P2 
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Fig. 3.17  PD measurements for 50nC calibrator pulse at P1 and P2 
 
 
The different values of PDs measured at different locations can be explained by the 
phenomenon of attenuation of PD signals when traveling along the conductor. The 
voltage pulses at different points on the conductor, i.e., v1(t) and v2(t) at P1 and P2 
respectively, have different amplitudes (see Fig. 3.18) decreasing towards the 
downstream. This clearly indicates the attenuation of the PD signals while transmitting 
through the conductor. 
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Fig. 3.18  Effect of signal attenuation for the Rogowski coil voltage responses  
 
The conservation of charge implies that the measured charge is only reduced by the 
amount of the attenuation α(ω), the same value for voltage attenuation because 
voltage=charge/capacitance, provided the capacitance of the line is assumed to be 
constant. By taking the FFTs of the voltage waveforms shown in Fig. 3.18, α(ω) can be 
calculated using the following expressions: 
                                                                                
7.17)(
)(1
)(2 ωα
ω
ω −= e
V
V
                                                                                                (3.13) 
 
)(
)(ln
7.17
1)(
1
2
ω
ωωα
V
V⋅−=                                                                                               (3.14) 
  
where V1(ω) and V2(ω) are the FFTs of the Rogowski coil measured filtered voltage 
waveforms (see in Fig. 3.18) at points P1 and P2, respectively,  which are separated at a 
distance of 17.7 m from each other. α(ω) is given in Np/m. 
 
The attenuation of the PD signals (in dB/m) traveling along the conductor is calculated 
using above expressions and its frequency-dependent behavior is drawn in Fig. 3.19. At 
lower frequencies, attenuation is constant (0.21 dB/m). However, it increases by 
increasing the frequency of the propagated signals in high frequency range. Oscillations 
are observed at higher frequencies because the voltage waveforms v1(t) and v2(t) are 
oscillatory in nature due to the behavior of the Rogowski coil. Therefore, this method is 
not useful to calculate the attenuation of the signals in the frequency range of 1-6 MHz. 
This technique gives better results at higher frequencies if the voltage waveforms are 
impulsive in nature.  
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Fig. 3.19 Dependency of signal attenuation on frequency 
 
Another approximation to calculate the average value of the attenuation in this bandwidth 
(1-6 MHz) is to use the PD magnitudes at points P1 and P2 (see Fig. 3.17) in the following 
expression: 
 
)(
)(log20
7.17
1)(
1
2
tq
tq⋅⋅−=∆ωα          (3.15)                              
 
where ⎢q1(t)⎟ and ⎢q2(t)⎟ are the magnitudes of charges at P1 (37 nC) and P2 (10 nC), 
respectively, and ∆ω is the required frequency band. For 50 nC calibrator pulse, the value 
of the charge attenuation α(∆ω) is 0.64 dB/m. As the calibrator is kept at 6 m away from 
the point P1, the actual magnitude of charge produced by the calibrator pulse, ⎢qc(t)⎟, can 
be calculated as: 
 
⎥⎦
⎤⎢⎣
⎡ ∆⋅−= −
20
6)(log
1)()(
1
1 ωαtqtqc                                                                                (3.16)    
                                          
The above mentioned practice is revised for different magnitudes of calibrator pulses to 
calibrate the PD measuring system and the details are given in Table 3.1. It is revealed 
that calculations made on the basis of actual measurements taken by the Rogowski coil 
have a good agreement with the pulse calibrator charges; however, they do not exactly 
match. The reason for these small errors can be due to using approximate value of the 
attenuation (e.g., 0.64 dB/m for 50 nC calibrator pulse) for a frequency band of 1-6 MHz, 
while it is changing continuously by changing the frequency of the signal. This can also 
be possible due to the addition of unwanted signals (noise) from the laboratory 
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environment or EMI with the actual measuring signals. The other possible reason can be 
due to the fact that the measurements taken at point P2 may include the reflections from 
the load-end of the conductor due to the mismatch between the characteristic impedance 
of the conductor and capacitive reactance of the grounding capacitor. Fig. 3.20 depicts 
the variations of an on-line PD measuring system calibration from an ideal system 
calibration. Designing an EMTP-ATP model of the experimental set-up may give 
information about the actual source of this error. TDR measurements taken on the CC 
would also give an exact value of the attenuation of the signals over a wide range of 
frequency, thus eliminating errors in the PD measurements. 
 
 
 
TABLE 3.1 CALIBRATION OF PD MEASURING SYSTEM 
 
Calibrator 
pulse (nC) 
PD 
magnitude at 
P1 (nC) 
PD 
magnitude at 
P2 (nC) 
Charge 
attenuation 
(dB/m) 
Estimated 
calibrator 
charge (nC) 
%age 
error 
2 1.3 0.3 0.70 2.2 +10% 
5 3.8 1.0 0.66 6.0 +20% 
10 7.0 2.0 0.62 10.7  +7% 
20 14 4.0 0.62 21.4 +7% 
50 37 10 0.64 57.7  +15%
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Fig. 3.20 Calibration of on-line PD measuring system 
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3.7.2  HV measurements 
 
The HV measurements are made by applying 20 kV distribution voltage to the conductor. 
The leaning trees are placed at a distance of 3.5 m (at PT) from the point of input of the 
HV supply, and measurements are taken using a Rogowski coil at point P2, as depicted in 
Fig. 3.9 (b). The knife traces, passed through the conductor jacket, are impressed 
artificially at point PT to simulate the actual condition when the leaning trees may cause 
the conductor insulation to deteriorate with the passage of a certain amount of time. The 
HV measurements are taken by a Rogowski coil at point P2, under the following specific 
arrangements: 
 
a) Knife traces are made on the conductor insulation 
b) A pine tree is leaning on the conductor  
c) Knife traces are made on the conductor insulation and a pine tree is leaning on 
the conductor (see Fig. 3.21) 
d) Knife traces are made and two pine trees are leaning on the conductor 
 
The Rogowski coil voltage response for HV measurement (c) is shown in Fig. 3.22 and 
its FFT is drawn in Fig. 3.23.  It is revealed that dominant frequency contents lie in the 
frequency range from 1-6 MHz. 
 
 
 
 
 
 
 
Fig. 3.21   A pine tree is leaning and knife traces are made on the conductor insulation 
 
 
 
 
 
 
 
3                                    On-line PD Detection in CC Overhead Distribution Networks 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 
_____ 
42 
 
 
 
 
 
 
-2 0 2 4 6 8 10 12 14 16
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
Time (µs)
A
m
pl
itu
de
 (m
V
)
 
 
Fig. 3.22 The Rogowski coil voltage response for HV measurement (c) 
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Fig. 3.23 FFT of the Rogowski coil voltage for HV measurement (c) 
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Fig. 3.24   The Rogowski coil HV measurements at point P2 
 
The PD magnitudes for HV measurements using a Rogowski coil at point P2 are shown in 
Fig. 3.24. However, the given results are not the actual PD magnitudes due to falling trees 
on the CC line at point PT. To convert the measured PD magnitudes into the actual PDs 
produced due to falling trees, the following equation can be used as: 
 
⎥⎦
⎤⎢⎣
⎡ ∆⋅−= −
20
2.20)(log
1)(2)(
1
2 ωαtqtqT                    (3.17) 
 
where ⎢qT(t)⎟ is the magnitude of PDs at point PT and α(∆ω) is taken as 0.65 dB/m (by 
considering the average charge attenuation from Table 3.1). The PD measured, e.g., by 
the Rogowski coil is 19 pC, when the knife traces are made on the surface of the 
conductor (see Fig. 3.24). The source of PD is at the distance of 20.2 m from the sensor, 
so the PD magnitude produced by the source is 86 pC. Since a PD results in both a 
forward and backward traveling pulse, this amount only corresponds to a fraction (factor 
1/2 if the impedance to the left and right are equal) of the induced charge because only 
the forward traveling pulse has been considered [58]. So the actual amount of PD 
produced by knife traces is estimated to be 172 pC using (3.17). Similarly the PD 
magnitudes produced are 2.9, 3, and 3.7 nC when a pine tree without knife scratches, a 
pine tree with knife scratches, and two pine trees with knife scratches, respectively, are 
falling on the conductor at point PT.  
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3.8 Discussion 
           
A new on-line PD detection technique for the monitoring of falling trees on the CC 
overhead distribution lines has been presented. The Rogowski coil takes the 
measurements, when pulses of different magnitudes (charges) are sent by the pulse 
calibrator. The results show a good agreement between the actual and the measured 
quantities. The measurement results can be improved by impedance matching on the 
load-end of the conductor, as well as by improving the band-pass filter design so that it 
can identify and distinguish PD signals from noise and corona discharges. The HV test 
results show that by increasing the numbers of falling trees, the PD quantities also 
increase. In addition, knife traces produce PDs. The PD signals initiated by different 
sources have different frequency ranges (>1 MHz) and this observation is important for 
the design of a wireless PD sensor to detect falling trees on the CC lines; especially for 
the development of the low-power signal processing algorithm inside it.  
 
The measurements conducted in the laboratory environment show that PD magnitude due 
to leaning of a pine tree is around 3 nC; however, this magnitude may vary between 3-10 
nC as reported in [49]. The variation of PD magnitude as a function of various 
environmental parameters should also be deeply investigated in order to detect the 
leaning trees on CC lines using the proposed technique.   
 
The two important aspects which have been investigated during the measurements are: 
the high attenuation of PD signals while propagating along the CC line; and the PD 
measurements at different locations which have different frequency bands, i.e., 1-4 MHZ 
(at point P1) and 1-6 MHz (at point P2). It reveals the fact that PD propagation in a power 
network is a very complicated phenomenon and may result in characteristic resonance 
frequencies with attenuation depending on the distance from origin to the measuring 
location [59]. The deep investigation on the PD wave propagation in the coming chapters 
will explain more about these issues.      
 
In order to estimate the maximum length of the CC line that can be monitored with one 
Rogowski coil sensor for detecting PDs due to leaning trees, the wave propagation 
characteristics of the line should be determined. The reliable PD detection depends upon 
the PD magnitude caused by the fault, the attenuation of the line, and the magnitude of 
the interference signals on the line. The amplitude of the PD pulse decreases and the 
pulse is distorted while traveling on the line due to attenuation phenomenon. As the PD 
pulse has short duration (in ns) compared to the length of the line, the propagation must 
be considered as a traveling wave problem. TDR measurements can be performed on a 
CC line to determine its wave propagation characteristics [60]. Therefore, the propagation 
of PD signals over the CC line can be investigated using these measurements. 
_____ 
45 
 
 
 
 
 
 
 
 
Chapter 4 
 
Determining Wave Propagation Characteristics of CC 
Line 
 
This chapter gives a general background of the TDR measurements, explaining the 
response of electrical networks in the time domain. The work concentrates on 
determining the wave propagation characteristics (propagation constants, i.e., 
attenuation and phase constants, and propagation velocity) of a CC line using high 
frequency measurements. For this purpose, the TDR measurement technique is applied. 
The measurement results show that the attenuation and the propagation velocity are 
frequency- dependent and these values become higher as the frequency of a signal goes 
up. These results can be used for designing and positioning of PD sensors for on-line PD 
detection in CC overhead distribution lines. 
 
4.1 Significance of wave propagation characteristics 
 
Any signal will lose some of its energy or signal strength as it propagates down the 
conductor. This loss is attenuation, which is frequency-dependent. Propagation velocity is 
a specification of the conductor indicating the speed at which a signal travels down 
through it. Different conductors have different propagation velocities. Typically, 
propagation velocity of a communication cable under test is listed in the cable 
manufacturer’s catalogue. However, this figure for MV power cables or CC lines is not 
specified. In this case, a required procedure is to make a TDR measurement on a known 
length of the conductor. An even more accurate way to estimate propagation velocity is to 
make measurements from both ends of the conductor. Propagation velocity depends upon 
the phase constant and the frequency of the impressed signal.  
 
The challenge for on-line PD measurements due to leaning trees on CC lines is to find the 
optimal locations for PD sensors with respect to their sensitivity, interference level, signal 
distinction, and universal applicability [61]. PD pulses attenuate when traveling along the 
CC line.  The measurement of the attenuation can give an idea about the length of the 
conductor at which the PD signal dies, so that the sensor location could be assured of 
getting the required signal. Therefore, attenuation of the PD pulses is an important 
4                                         Determining Wave Propagation Characteristics of CC Line 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 
_____ 
46 
 
consideration while deciding the numbers of sensors and their positioning. To work with 
these design aspects of a sensor and in order to relate a measured signal to specific PD 
amplitude, the wave propagation characteristics (propagation constants, i.e., attenuation 
and phase constants, and propagation velocity) of the CC line should accurately be 
determined. For this purpose, TDR measurement technique is applied on a specific length 
of the CC line. 
 
A short duration pulse is sent into the device under test (DUT). The incident and the 
reflected signals are analyzed. These signals are distorted or changed in one way or the 
other by the transmission medium and the extraction techniques are applied to get the 
desired parameters from the measurements. The attenuation and propagation velocity of 
the signal depend on the distance traveled, the radial geometry, and the electrical 
properties of the CC material [62]. These values can be helpful in selecting the optimal 
locations of the sensors over the entire length of CC line for reliable PD signals detection.      
 
4.2 Theoretical background of TDR 
 
The most common method for evaluating a TL and its load has traditionally been carried 
out by applying a sine wave to a system and measuring waves resulting from 
discontinuities on the line. From the measurements, the standing wave ratio (SWR) is 
calculated and used as a figure of merit for the transmission system. When the system 
includes several discontinuities, however, the SWR measurement fails to isolate them. In 
addition, when the broadband quality of a transmission system is to be determined, S-
measurements must be made at many frequencies. This method soon becomes very time 
consuming and tedious. 
 
When compared to other measurement techniques, TDR provides a more intuitive and 
direct look at the characteristics of the DUT. Additionally, TDR gives more meaningful 
information concerning the broadband response of a transmission system than any other 
measuring techniques. Using a high speed oscilloscope and a pulse/step generator, a fast 
edge is launched into the TL under investigation. The incident and the reflected voltage 
waves are monitored by the oscilloscope at a particular point on the line. The block 
diagram of a domain reflectometer is shown in Fig. 4.1 [63], [14].  
 
 
 
Fig. 4.1 Functional block diagram of time domain reflectometer 
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4.2.1  Operating principle of TDR instruments 
 
TDR instruments work on the same principle as radar, but instead of air, they work 
through wires. A pulse of energy is transmitted down a line. When the launched 
propagating wave reaches the end of the line or any impedance change along the TL, part 
or all of the pulse energy is reflected back to the instrument. This reflected wave is 
energy that is not delivered to the load.  The magnitude of the impedance change can be 
calculated using the reflection coefficient Γ, defined in the frequency domain as the ratio 
between the reflected voltage wave Vr and the incident voltage wave Vi. Γ is related to the 
load impedance ZL and the characteristic impedance of the line Z0, by the following 
expression [64]: 
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The transmission coefficient T is given as: 
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The amplitude of the transmitted pulse through the point of mismatch is calculated as: 
 
Τ= it VV                                                                                                                           (4.3) 
 
where Vt is the transmitted wave. The transmission and reflection coefficients are related 
by the following expression as: 
 
Τ=Γ+1                                          (4.4) 
 
The distance to the impedance change can also be estimated knowing the speed of the 
propagated wave v. Let S be the distance and t is the time of arrival of the reflection from 
the impedance change, the following relation holds: 
 
2
tvS =                                                  (4.5) 
 
The reflections produced by complex impedances are of great interest. Four basic 
examples of these reflections are shown in Fig. 4.2 which presents measurements 
obtained with the system shown in Fig. 4.1 [65]. At time t=0, the reflection from the far 
TL end is entering into the oscilloscope. Ei  is the amplitude of the incident pulse, R1-R4 
are the resistances, L1 and L3 are the inductances, C2 and C4 are the capacitances of the 
complex loads under consideration (see Fig. 4.2). 
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Fig. 4.2 TDR displays for four basic complex loads where the measurements are performed with the set-up 
shown in Fig. 4.1 [65] 
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4.3 Some considerations for TDR measurements 
 
4.3.1  Digital TDR recording 
 
Some of the parameters of digital signal recording that are relevant to this work are listed 
below. The understanding of both the theoretical and the practical limitations to a 
measurement is crucial when constructing a TDR measuring system for specific 
applications.  
 
For an accurate and informative measurement, it is crucial to match the effects of 
bandwidth, sampling rate, and memory depth, and take advantage of features like 
averaging. Knowledge about these aspects of digital measurements will make it possible 
to reduce to a minimum the negative influence of electromagnetic noise, signal generator 
instabilities, etc [63]. 
 
A. Bandwidth 
 
The bandwidth has traditionally been a principal figure of merit of the oscilloscope. A 
bandwidth of scope is typically defined as the frequency above which the signal 
amplitude is degraded by more than 3 dB (the amplitude is attenuated by approximately 
30%). If the bandwidth of the scope is not sufficient to faithfully reproduce the applied 
signal to the input, it will introduce errors in the amplitude and/or time-interval 
measurements. 
 
B. Sampling rate 
 
For each occurrence of the trigger event, the scope will fill up its memory with samples 
taken at each sample interval. Inadequate sampling rate has the same effect as insufficient 
bandwidth; loss of high frequency information in the signal. However, there is an 
additional complication associated with sampling a signal. If the signal contains 
frequencies higher than half the sampling rate, there will be errors due to aliasing.  
 
C. Memory depth 
 
Memory depth and sampling rate are intimately related. The needed memory depth 
depends upon the required overall measured time span and the time resolution. The 
longer the time interval to be captured and the finer the resolution, the more memory will 
be required. Obviously, deeper memory allows the sampling circuitry of scope running 
faster at slow sweep speeds, providing higher frequency details of the waveforms and 
more critically reducing the chance of aliasing.  
 
From the measurement perspective, the amount of memory required to display a given 
waveform can be expressed mathematically. The required record depth (N) is equal to the 
time span being measured divided by the needed resolution; both in same units, and is 
given as [65]: 
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resolution Needed
span TimeN =                                                                                                  (4.6)                               
 
The highest measured frequency (Nyquist frequency − fmax) can be estimated from the 
record depth and the total recorded time in the measurement as: 
 
record timeof Period
1
2
N
max ⋅=f                                                                                   (4.7)                               
 
D. Averaging 
 
In the real world, the desired signal is mostly measured in the presence of significant 
noise. At other times, the signals we are trying to measure are more like noise 
themselves. Because of these two common conditions, the techniques must be developed 
to measure signals in the presence of noise and to measure the noise itself.  
 
The standard technique in statistics to improve the estimates of a value is to average. In 
other words, the averaging increases the resolution which is of considerable importance 
when measuring comparatively small signals. Signal averaging of N acquisitions 
increases bit resolution by log2 (N) [65]. This approach increases the bit resolution up to 
14 bits (32 averages) for the specific case. Of course, depending upon the sampling rate, 
record length, and repetition rate of the signal, averaging can substantially increase the 
time needed for a single curve acquisition (e.g., at 1 Hz repetition rate, a measurement 
with an averaging of 512 acquisitions take 8.5 min). Therefore, averaging must be used 
with a balance between resolution, bandwidth, SNR, time, and ease of measurement. 
 
4.3.2  Fourier transform analysis 
 
All signals measured in the time domain can alternatively be represented in the frequency 
domain and vice versa. This can be achieved for each linear and time invariant network 
where its impulse response h(t) can alternatively be represented as its transfer function 
H(f). The relation between the two forms of representation is given by the Fourier 
transform as follows [65]: 
 
∫+∞
∞−
−= dtethfH ftj π2)()(                                                                                                     (4.8) 
 
Applying the Fourier transform, the impulse response is transformed to the spectral 
representation of the network in the frequency domain. Conversely, the data measured in 
the frequency domain by a network analyzer can be transformed into time domain using 
inverse Fourier transform as: 
 
∫+∞
∞−
= dfefHth ftj π2)()(                                                                                                     (4.9) 
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A. Discrete Fourier transform (DFT) 
 
To compute the Fourier transform digitally, a numerical integration must be performed. It 
will give an approximation to a true Fourier transform called DFT.  
 
Three distinct difficulties are associated with computing Fourier transform. First, the 
desired result is a continuous function; however, it would only be possible to calculate its 
value at discrete points. Second, an integral must be evaluated which is equal to the 
computed area under a curve. It would be done by adding together the areas of narrow 
rectangles under the curve. Third, even with summation approximation to the integral, the 
samples must be summed up over all time from minus to plus infinity. Clearly, the 
transform must be limited to a finite time interval.  
 
The Fourier transform after the above mentioned considerations becomes [65]: 
 
∑−
−
∆∆−∆∆≈∆
1
0
2)()(
n
n
tfnmjetnhtfmH π                                        (4.10) 
 
where m=0, ±1, ±2, ∆f is the frequency spacing of samples, and ∆t is the time interval 
between any two consecutive samples.  
 
B. Fast Fourier transform (FFT) 
 
The FFT is an algorithm for computing DFT [65], [66]. Before the development of the 
FFT, the DFT required excessive amounts of computation time, particularly when high 
resolution is required. 
 
The FFT forces one further assumption that the number of points acquired or the record 
depth N is a multiple of 2. This allows certain symmetries to occur reducing the number 
of calculation which have to be done. This assumption requires in certain cases data 
points to be added to the time domain signal to make N a multiple of 2. 
 
4.4 Transmission line analysis 
 
In the following analysis, the live CC line and the ground return path are used as a 
transmission channel and are approximated as a close form of the two-wire TL. 
According to [67], the two-wire TL must be a pair of parallel conducting wires separated 
by a uniform distance. Based on the above considerations, the single phase CC line with 
ground return is regarded as a distributed parameter network, where the voltages and the 
currents can vary in magnitude and phase over its length. Therefore, it can be described 
by circuit parameters that are distributed over its length. 
 
A differential length ∆z of a TL is described by its distributed parameters R, L, C, and G 
as shown in Fig. 4.3. R defines the resistance per-unit length for both conductors (in 
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Ω/m), L defines the inductance per-unit length for both conductors (in H/m), G is the 
conductance per-unit length (in S/m), and C is the capacitance per-unit length (in F/m). 
The quantities v(z, t) and v(z+∆z, t) denote the instantaneous voltages at locations z and 
z+∆z respectively. Similarly, i(z, t) and i(z+∆z, t) denote the instantaneous currents at the 
respective locations. 
 
In the circuit of Fig. 4.3 (b), applying Kirchhoff’s voltage and current laws, respectively, 
the following two equations can be obtained as [68]: 
 
0),(),(),(),( =∆+−∂
∂⋅∆−⋅∆− tzzv
t
tzizLtzizRtzv            (4.11) 
 
0),(),(),(),( =∆+−∂
∆+∂⋅∆−∆+⋅∆− tzzi
t
tzzvzCtzzvzGtzi           (4.12) 
 
If v and i are expressed in phasor form, i.e., v(z,t)=Re[V(z)⋅ejωt] and i(z,t)=Re[I(z)⋅ejωt]  
and when ∆z→0, the time harmonic line equations can be derived from (4.11) and (4.12) 
as: 
 
)()()( zILjR
dz
zdV ⋅+=− ω                                    (4.13) 
 
)()()( zVCjG
dz
zdI ⋅+=− ω                                    (4.14) 
 
The coupled time harmonic transmission line equations can be combined to solve for V(z) 
and I(z) as: 
                
)()( 22
2
zV
dz
zVd γ=                                                                                                          (4.15) 
 
)()( 22
2
zI
dz
zId γ=                                            (4.16) 
 
and 
)()()()()( CjGLjRj ωωωβωαωγ +⋅+=+=                  (4.17) 
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Fig. 4.3 (a) The voltage and current definitions of two-wire TL (b) The equivalent lumped-element circuit        
 
 
where γ is the propagation constant whose real and imaginary parts, α and β,  are the 
attenuation constant (Np/m) and phase constant (rad/m) of the line respectively. The 
complex propagation constant is also given as: 
 
YZ ⋅=)(ωγ                                                    (4.18) 
 
where Z=R+jωL is the series impedance per-unit length and Y=G+jωC is the shunt 
admittance per-unit length of the line. The characteristic impedance of the line is given 
as: 
Y
Z
CjG
LjRZ =+
+= ω
ω
0                                        (4.19) 
 
It is clear from (4.17) and (4.19) that γ and Z0 are the characteristic properties of a line 
whether or not the line is infinitely long. They depend on R, L, G, C, and ω but not on the 
line length [68]. 
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4.5 TDR measuring set-up 
 
The TDR measuring set-up was arranged in the HV laboratory at TKK. The measuring 
set-up consisted of: (i) DUT; and (ii) measuring system (see Fig. 4.4). DUT was a 
polyethylene CC line of 20 m length, 10 mm inner diameter of the aluminum conductor 
and 14.5 mm outer diameter along with insulation. In practice, a narrow electric pulse 
was applied to the CC and the incident and reflected waves were measured by means of a 
digital oscilloscope at point M. The measured data was transferred to the computing 
system (laptop) connected to the oscilloscope through the general purpose interface bus 
(GPIB), where the analysis was done using MATLAB.   
 
A pulse of 3 V amplitude, having 40 ns pulse-width, is fed into the DUT at point A. The 
incident (source) pulse is reflected from point B (open ended) with positive Γ (ΖL > Z0). 
This reflected pulse from point B travels towards point A and then reflects back from 
point A with negative Γ (ΖM < Z0), where ΖM is the equivalent impedance seen at point M 
when the signal propagates from  conductor end B to A. Therefore, a negative amplitude 
of the reflected pulse from point A is seen in Fig. 4.5. These reflections continue from 
both ends of the CC, and finally the signal dies. To extract the wave propagation 
characteristics of CC line from the TDR measurements, the analysis of TL will be 
performed in the next section.  
 
 
 
 
 
Fig. 4.4 Schematic drawing of the TDR measuring set-up 
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Fig. 4.5 TDR response of the CC line (DUT) 
 
4.6 TDR parameters extraction method 
 
The attenuation and phase shift of a wave traveling along a TL segment of a length l is 
the complex voltage ratio between the input (incident pulse) and the output (reflected 
pulse) of a line segment as: 
 
l
in
out e
V
V )(ωγ−=                                                                        (4.20)                              
 
It is revealed that this ratio depends on both the distance traveled l and the angular 
frequency ω . If the distance is kept fixed, then in the frequency domain: 
 
l
in
out e
V
V
H )(
)(
)(
)( ωγω
ωω −==                                                     (4.21)                              
 
If the CC line is considered as a linear system, then H(ω) is the transfer function. In the 
measuring system, the incident and reflected pulses are measured in the time domain. 
Since the measurements are done at the input side (at point M in Fig. 4.4), the total 
traveling distance is twice the length of the DUT, i.e., 2l. These time domain 
measurements are then transformed into the frequency domain by the use of the FFTs in 
MATLAB. It can be deduced that: 
 
)(ln
2
1)( ωωα H
l
⋅−=                                                         (4.22)                               
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)(
2
1)( ωωβ H
l
∠−=                                                                     (4.23)                               
 
Thus, the attenuation and phase constant are determined using the time domain 
measurements obtained. The propagation velocity, v (m/s), can be determined using 
phase constant β as: 
 
β
π
β
ω fv 2==                                                                        (4.24)                               
 
4.7 Calibration of TDR measuring system 
The equivalent circuit of the TDR measuring set-up (of Fig. 4.4) is shown in Fig. 4.6. The 
pulse is fed from a pulse generator to the DUT through a coaxial cable (Z1=50 Ω). The 
measurements are taken at point M by means of a digital oscilloscope, which is connected 
to the measuring point through another coaxial cable (Z2=50 Ω). Rg and Ros are the 
internal resistances of the pulse generator and digital oscilloscope, respectively, and Z0 is 
the characteristic impedance of the DUT. The value of Z0 for the practical CC overhead 
distribution line is taken as 480 Ω [14]. However, in the experimental set-up, the CC line 
is placed at a distance of 7 cm from the ground. Therefore, the approximate value of Z0 is 
taken as 120 Ω  in this work [64]. The CC line is placed at a very small distance from the 
ground due to its limited dimensions for laboratory measurements. Moreover, the noise 
level in TDR measurements was observed very low at this small elevation. 
 
 
 
Fig. 4.6 Equivalent circuit of the TDR measuring set-up 
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For the incident pulse, the measured voltage (Vmeas) is equal to the amplitude of the pulse 
transmitted into the DUT (Vcc) at point A (see Fig. 4.6) [69]. As the far end of the DUT is 
open circuited, this pulse is totally reflected and returns to the connection point A. Due to 
the mismatch of impedances at point A, this discontinuty point causes a reflection back 
into the DUT and a measured signal with reduced amplitude as a consequence. The 
relationship between the measured pulse and the pulse from the DUT (for relected pulse 
from point B)  is given using (4.3) as: 
 
021
212
ZZZ
ZZ
VV ccmeas +
⋅⋅=                                                    (4.25) 
 
It can also be written as: 
 
21
021
2 ZZ
ZZZ
VV meascc ⋅
+⋅=             (4.26) 
 
By putting the values of Z0=120 Ω, Z1=50 Ω, and Z2=50 Ω in equation (4.26), the 
following relation can be obtained. 
 
meascc VV 9.2=                                                                              (4.27) 
 
Therefore, the amplitude of the reflected pulse is corrected according to (4.27) before 
using it in MATLAB for the wave propagation parameters extraction. 
 
4.8 TDR measurements and results 
 
The incident pulse at point A is taken from Fig. 4.5 and is padded with zeroes up to 
length N = 2n, for n =16 (N=65536), as shown in Fig. 4.7. Similarly, the reflected pulse 
from point B is taken and is padded with zeros to the same length as that of the incident 
pulse as shown in Fig. 4.8. A time step of T = 0.5 ns is used in the Fourier analysis. 
 
As the two pulses travel unequal lengths of line, the shapes of the incident and the 
reflected waves will differ as a result of the frequency-dependent attenuation [42], [70]. 
To determine the accurate values of the propagation constant, (4.21) is corrected using a 
correction factor of 2.9 as: 
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Fig. 4.7 Incident pulse after padding with zeros 
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Fig. 4.8 Reflected pulse after padding with zeros 
 
 
The information related to the attenuation is determined by the magnitude of the above 
transfer function H(ω) using (4.22).  The argument of this transfer function gives the 
phase constant. The information related to phase constant is determined by the time 
interval between the incident and reflected pulses. Using the measured data, the phase 
constant versus signal frequency characteristics is obtained using (4.23) and is drawn in 
Fig. 4.9. It is revealed from Fig. 4.9 that the phase constant is changing between -π and 
+π. Using the function “unwrap” in MATLAB, these jumps can be removed to give the 
continuous characteristics as shown in Fig. 4.10.  
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The curves for the attenuation constant and wave propagation velocity using unwrapped 
phase constant are obtained and the dependency of these parameters on the frequency is 
shown in Fig. 4.11 [71]. It is clear that the attenuation and propagation velocity are fairly 
constant at lower frequencies (0.001 dB/m and 150 m/µs). At higher frequencies, these 
parameters begin to increase (after 0.2 MHz) with an increase in frequency. The 
resolution of both characteristics is good up to about 25 MHz, beyond which it is lost in 
the certain repetitive disturbances or noise level [71]. 
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Fig. 4.9 Phase constant versus signal frequency 
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Fig. 4.10 Phase constant versus signal frequency after “unwrapping” 
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Fig. 4.11 Measured attenuation constant and wave propagation velocity 
 
 
 
One possible way to explain the noise level at higher frequencies is to have a look at the 
FFTs of the measured pulses as shown in Fig. 4.12. It is revealed that FFTs of incident 
and reflected pulses, after using the correction factor, remain constant up to 0.2 MHz. 
Therefore, the attenuation is also constant up to this range of frequency. Beyond this 
frequency, the FFT of reflected pulse starts to decrease at a higher rate, resulting in a 
linear increase in the attenuation. Later, beyond 25 MHz, FFTs suffer from noise that has 
different values from the actual function. The noise level has some peaks, the values of 
which are taken into account instead of those of the actual function, resulting in the noisy 
peaks in the attenuation curve. 
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Fig. 4.12 FFTs of the incident and reflected pulses 
 
 
 
Another mathematical interpretation is on the basis of the Fourier transform function. For 
an ideal square pulse as: 
 
⎪⎩
⎪⎨
⎧
>
<=
at
at
tf
,0
,1
)(                                                                   (4.29)  
 
The analytical Fourier transform function is in the form: 
 
[ ] 0,sin2)( >= ωω
ωatfF                                                  (4.30)                               
 
It can be concluded that the Fourier transform function would periodically equal to zero 
and the zero crossings can be defined as [72]: 
 
a
kf
20
=                                                                              (4.31)   
 
where k=1,2,3…,N and f0 is the frequency at which the Fourier function equals to zero. In 
the presented case, the pulse width for the incident signal is 2a=40 ns (see Fig. 4.7). 
Therefore, it can be expected that zero crossings and the respective numerical artifacts to 
be in the vicinity of f0=25 MHz (for k=1). 
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Fig. 4.13 The measured attenuation constant 
 
 
 
The reliability of the measurements can also be roughly verified by looking at the pulses 
shown in Fig. 4.5 [69]. The ratio between the two response pulses is 0.24/0.63 V, which 
is 8.3 dB. This gives an attenuation of 0.2 dB/m (due to the distance there and back for a 
20 m long CC line). The pulse-width is 40 ns, which yields a dominant frequency 
component of approximately 12.5 MHz. In Fig. 4.13, it can be seen that the measured 
attenuation is also approximately 0.2 dB/m at this specific frequency. 
 
The major parameter which defines the frequency band of the PD signals due to falling 
trees on CC line is the attenuation of the PD signals propagating over the CC line.  The 
attenuation is frequency-dependent and it increases by increasing the frequency of the 
propagated signals. As the PD pulses travel along the CC line, the higher frequency 
components of the pulses are heavily attenuated. The frequency-dependent attenuation of 
the CC line implies a PD pulse bandwidth that depends on the length of CC line through 
which the pulse has propagated. If a wide detection bandwidth is employed, the sources 
close to the detection end of the CC line will be measured with high sensitivity; however, 
sensitivity is compromised for PD pulses that are generated further from away. Also, the 
shape of measured pulses will be highly sensitive to PD source location. For a source 
close to the measurement end of the CC line, the pulse will be very sharp while the PD 
pulse which propagates down to the far end of the CC line will be much broader due to 
the dispersion effect. A narrow detection bandwidth limits pulse “sharpness” and thereby 
limits PD location accuracy. Obviously a detection bandwidth must be selected that  
represents a good compromise, given typical CC line frequency-dependent attenuation 
characteristics and typical test lengths [42], [70].  
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4.9 Comparing wave propagation characteristics of XLPE 
cable and CC line 
 
The attenuation constant and propagation velocity can be easily evaluated because the 
impedance and admittance formulas of an XLPE cable including the semi conducting 
layer are well-known [73], [74]. However, the wave propagation characteristics of a 
single-phase MV XLPE power cable has been determined using TDR measurements and 
its details are given in [75]. Fig. 4.14 shows a comparison of measured wave propagation 
characteristics of a single-phase MV XLPE power cable and a CC overhead distribution 
line. It is revealed from Fig. 4.14 (a) that the CC line has much lower attenuation as 
compared to XLPE power cable. In MV power cables, the semi-conducting layers have a 
significant contribution to the wave propagation characteristics and the attenuation is 
higher due to the presence of these layers [76]. High frequency attenuation in shielded 
cables is generally considered as a negative attribute, but can be used positively in certain 
situations. In the CC overhead distribution lines used in Finland, semi conductive layers 
are absent; therefore, attenuation is lower as compared to power cables [60].  
 
It is clear from Fig. 4.14 (b) that the measured propagation velocity in the CC line seems 
to be lower than in power cables; however, practical CC lines have comparatively higher 
propagation velocities [14]. This lower value of propagation velocity is due to the 
location of the CC line (laying near ground level at a height of 7 cm) in the experimental 
set-up. The propagation velocity increases by increasing the height of the CC line above 
ground level. The practical CC lines (generally at a height of more than 10 m) have 
higher propagation velocities than power cables. Attenuation also depends upon the 
height of the CC line and it decreases by increasing its height. The practical CC lines 
have lower attenuation than the measured value in this work. 
 
The measured wave propagation characteristics of CC line suffer in repetitive 
disturbances or noise at lower frequency as compared to the characteristics of XLPE 
power cable (see Fig. 4.14). The measurement limitation at varying frequencies for 
different conductors is due to the different sampling times for XLPE cable and CC line 
TDR measurements. XLPE cable measurements are sampled at 0.2 ns, while CC line 
measurements are sampled at 0.5 ns. Therefore, the resolutions of wave propagation 
characteristics of XLPE cable and CC line are good up to 81 MHz and 25 MHz, 
respectively. 
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Fig. 4.14.  Measured wave propagation characteristics comparison of single-phase MV XLPE power cable 
and CC overhead distribution line; (a) attenuation constant, and  (b) propagation velocity 
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4.10 Discussion 
 
The TDR measurement technique has been presented to extract the frequency-dependent 
wave propagation characteristics of CC overhead distribution lines. These measurements 
can be applied for designing and deploying PD sensors over the entire length of the CC 
line for detecting PDs produced by falling trees. The wave propagation characteristics of 
single-phase XLPE power cable and CC overhead distribution line are also compared. It 
is revealed that the signal attenuation and propagation velocity are fairly constant at lower 
frequencies, but these parameters are frequency-dependent at higher frequencies i.e., their 
values increase by increasing the frequency. Attenuation in a CC line is much lower than 
power cables. However, the situation is opposite in case of propagation velocity i.e., 
signals propagate faster in a CC line. The TDR measurement results on power cable can 
be used to localize the discontinuities as well as the design of communication through 
distribution power cables. On the other hand, TDR measurement results on the CC line 
can be used to decide the number and positioning of PD sensors for the monitoring of 
falling trees over a specific length of CC overhead distribution line. 
 
The Rogowski coil measurements have shown that PD signals produced due to the 
leaning trees on the CC line lie in the frequency range of 1-6 MHz [57]. Therefore, the 
attenuation and propagation velocity of the PD signals in this frequency range are 
important for designing and positioning of PD sensors over the entire length of CC line.  
 
The approximate attenuation of the PD signals has already been determined using a 
Rogowski coil sensor measurements at different points on the DUT (section 3.7). The 
previous measurement results show that at lower frequencies, the attenuation is very high 
(0.21 dB/m). This high attenuation value for CC line does not sound good in practical 
terms. In practice, the attenuation of the signals should be low at lower frequencies. There 
are several reasons for those incorrect high attenuation measurements, e.g., the captured 
voltage waveforms are oscillatory in nature due to the behavior of the Rogowski coil and 
the sampling time for those measurements is long (20 ns). Therefore, the previous method 
is not accurate in measuring the attenuation of the signals in the required bandwidth of 
the PD signals. However, it is clear that TDR measurements are useful for determining 
the accurate values of the attenuation over a wide range of the frequencies as shown in 
Fig. 4.11. The TDR measurement results are illustrated in Fig. 4.15 for the frequency 
range (1-6 MHz) of PD signals captured by the Rogowski coil [71]. 
 
In the laboratory, PDs produced due to a leaning pine tree on 20 kV CC line are of 
magnitude around 3 nC [57]. This amount could be of several hundred nC in a real 
situation, where many trees fall on the line due to heavy storms. The minimum detectable 
magnitude of the PD using a Rogowski coil sensor is 100 pC [57]. Therefore, the 
measured value of the attenuation can help in estimating the distance from the fault 
location (point of a leaning tree on the CC line) to the point of measurement. However, 
the detectable range of the distance could be longer if the magnitude of PDs produced 
will increase due to the falling of many trees in heavy storms on practical CC lines 
having lower attenuation than the measured value. 
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Fig. 4.15 TDR measurement results for PD sensor applications 
 
 
 
Due to variations in the attenuation and propagation velocity of the CC line, the 
knowledge of the frequency-dependent CC line parameters at different heights is 
necessary for increasing the reliability of PD detection and quantification. Therefore, 
theoretical modeling of the CC line should be carried out to determine its frequency-
dependent line characteristics at different heights.  
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Chapter 5 
 
Theoretical Modeling and Experimental Verification of 
CC Line  
 
This chapter presents a theoretical model of the CC overhead distribution line and the 
frequency-dependent distributed TL parameters, wave propagation characteristics, and 
characteristic impedance are calculated using the developed model. The derived wave 
propagation characteristics are compared with those obtained from the TDR 
measurements to validate the theoretical model of the CC line. The TDR measuring 
system is also simulated in EMTP-ATP as time domain verification of the measurements. 
An accurate determination of the TL characteristics for practical CC lines can be used as 
a design aid for the modeling of PD measuring system in EMTP-ATP. 
 
5.1 Motivation for developing CC line model 
 
TDR measurements have already been taken on CC lines to determine its frequency-
dependent wave propagation characteristics. In the case of power cables, wave 
propagation characteristics are independent of the cable height above or below the ground 
level; however, these are strongly influenced by the conductor height in case of CC lines. 
Therefore, TDR results extracted from the laboratory measurements can not be 
implemented for practical CC lines, which are located at higher levels above the ground.  
Due to variations in the attenuation and propagation velocity of the CC line when varying 
its height above ground level, knowledge of the frequency-dependent TL parameters at 
different heights is necessary to increase the reliability of PD detection and 
quantification. Therefore, the theoretical modeling of the CC line should be carried out to 
determine its frequency-dependent line characteristics at different heights. 
 
Extracting the features of PDs from the Rogowski coil measurements to detect and locate 
falling trees on a complicated TL network is a challenging task. The challenge for on-line 
PD measurements is to find the optimal locations for these sensors with respect to their 
sensitivity, interference level, signal distinction, and universal applicability [61]. To work 
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with these design aspects of a sensor and in order to relate a measured signal to specific 
PD amplitude, the wave propagation characteristics of the CC line should be accurately 
determined. Attenuation is an important parameter in order to estimate the maximum 
length of the line that can be monitored with a PD sensor. The measurement of the 
attenuation can give an idea about the length of the conductor at which the PD signal 
dies, so that the sensor location can be assured of getting the required signals. Therefore, 
attenuation of the PD pulse is an important consideration while deciding the number of 
sensors and their positioning. In this way, CC lines will be more reliable and the costs 
related to visual inspection work will also be reduced.  
 
The modeling of the measuring system in a time domain digital simulator program, such 
as EMTP-ATP, poses many challenges. One of the main difficulties is the correct 
representation of the TL dealing with transient simulation studies [77]. The TL 
parameters are function of the line length, and the per-unit parameters vary with 
frequency. To develop a theoretical model, the CC line is approximated as a two-wire TL 
and its characteristics (TL parameters, wave propagation characteristics, and 
characteristic impedance) are derived.  The frequency-dependent distributed TL 
parameters, which are needed to accurately characterize lossy lines, are derived based on 
the radial geometry and the electrical properties of the CC material. The wave 
propagation characteristics and characteristic impedance of the CC line are determined 
based on the calculated TL parameters. TDR is a measuring technique to accurately 
determine the wave propagation characteristics of a cable or a conductor [71], [72], [78]. 
The calculated wave propagation characteristics are compared with those obtained from 
TDR measurements for experimental verification of the theoretical model of the CC line. 
 
5.2 Developing theoretical model of a CC line 
 
When a signal travels along the CC line segment of a certain length, it will be subjected 
to attenuation losses which depend on the physical properties of the CC material. For a 
MV line with a propagation constant γ, these losses are fully determined by the TL 
parameters (i.e., R, L, G, and C) and the frequency of the propagated signal ω, as given in 
(4.17). The cross-sectional view of the CC under investigation is shown in Fig. 5.1. As in 
TDR measurements, the line is kept at a height of 7 cm above the ground level, the same 
height is first considered in theoretical modeling. The equivalent electrical model of the 
CC line is shown in Fig. 5.2 
   
The line model per-unit length consists of series impedance Z and shunt admittance Y. 
The stranded aluminum conductor and the ground return path constitutes Z. For 
simplicity, the effect of number of strands upon the impedance is not included in this 
research work.  The internal impedance Zi of the conductor including the skin effect can 
be easily derived as follows [79]:  
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Fig. 5.1 Cross-sectional view of the CC line (in laboratory tests) 
 
 
 
 
 
Fig. 5.2 Equivalent electrical model of the CC line 
 
( )[ ]22 CCC alali hRRSZ −−== π
ρρ            (5.1) 
 
where ρal is the resistivity of aluminum, S is the cross-sectional area of the conductor 
core, RC is the radius of aluminum conductor-core, and hC is the penetration depth in the 
conductor-core given as: 
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alal
al
C jj
h σωµωµ
ρ
0
1==             (5.2) 
 
where µal is the permeability of aluminum (equal to µ0 due to its non-ferromagnetic 
behavior), µ0 is the permeability of free space, and σal is the conductivity of aluminum.  
 
By assuming RC >> hC, equation (5.1) can be approximated as: 
 
alCCC
al
i
j
RhR
Z σ
ωµ
ππ
ρ 0
2
1
2
=≈             (5.3) 
 
The original accurate formula of the conductor internal impedance was derived by 
Schelknoff in 1926 [80].  Equation (5.3) is a well-known approximation in a high 
frequency region and was originally derived by Carson [81] and Sunde [82]. 
 
The external impedance Ze due to geometrical inductance of the CC line at a height D 
above ground level is given as: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛+⎟⎟⎠
⎞
⎜⎜⎝
⎛=
CCC
CC
e R
j
R
Rj
Z Dln
2
ln
2
00
π
ωµ
π
ωµ
                       (5.4) 
 
where RCC is radius of the CC line with insulating cover. Several expressions for the 
ground-return path impedance Zg have been presented by many researchers; however, one 
simpler form is given by the following logarithmic function as [83]: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +⋅=
D
D1
ln
2
0
g
g
g
jZ γ
γ
π
ωµ
                                (5.5) 
 
In the above expression, γg can be calculated from the following expression as:  
 
)(0 rgogg jj εωεσωµγ +=                                (5.6) 
 
where σg is the ground conductivity (0.001 S/m), ε0 is the permittivity of free space, and 
εrg is the relative permittivity of ground (taken as 10). After summing up above three 
impedances, the total series impedance of the CC line is given as: 
 
gei ZZZZ ++=                                       (5.7) 
 
The shunt admittance in the model is made up of the dielectric losses and the 
capacitances of the conductor and air insulation as:      
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121212 CjGY ω+=                                         (5.8)   
       
232323 CjGY ω+=                                        (5.9) 
 
The parameters G12=ωC12tan∆, G23=2πσair/ln(D/RCC), C12=2πεc/ln(RCC/RC), and 
C23=2πε0/ln(D/RCC) are given and can be calculated.  The loss tangent tan∆ for the CC 
insulation is taken as 0.0003. The permittivity of CC material εc is equal to ε0εrc, where ε0 
is the permittivity of free space and εrc is the relative permittivity of CC polyethylene 
insulation taken as 2.26. σair is the conductivity of air. The total shunt admittance of the 
CC line is given as: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
=
2312
11
1
YY
Y                                                        (5.10) 
 
Using (5.1)-(5.10), it is possible to calculate the frequency-dependent TL parameters. The 
propagation constant and characteristic impedance of the CC line can be calculated using 
(4.18) and (4.19), respectively. The frequency-dependent attenuation (dB/m) can be 
calculated as: 
 [ ])(686.8)( ωγωα real∗=                                          (5.11) 
 
The propagation velocity of the signal v (m/s) can be determined using phase constant in 
(4.24). The aforementioned equations can be used in MATLAB to derive TL 
characteristics from the theoretical model. This model is verified experimentally by 
taking TDR measurements on the CC line sample of a certain length as described in next 
section.  
 
5.3 Theoretical model verification 
 
The wave propagation characteristics of the CC line have already been determined using 
TDR measurements (section 4.8). The proposed theoretical model of the CC line can be 
verified by comparing its calculated wave propagation characteristics with those 
extracted from TDR measurements. The TDR response of the measuring set-up is also 
verified using EMTP-ATP. 
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5.3.1  Model parameters verification 
 
The theoretical model of the CC line is verified experimentally using TDR measurements 
and the wave propagation characteristics extracted from both techniques are compared. 
The CC is considered by placing it at the same height above the ground level (7 cm) 
while extracting its frequency-dependent wave propagation characteristic from both 
techniques.  
The attenuation curve obtained theoretically from the CC geometry data is plotted against 
the attenuation curve obtained from TDR measurements as shown in Fig. 5.3. It is 
revealed that attenuation curves obtained from both techniques have a good agreement 
until few MHz (see Fig. 5.4). However, the curve obtained from TDR measurements 
suffer in noise at higher frequencies due to measuring limitations, which has already been 
explained in section 4.8. 
 
The propagation velocity curves obtained from the theoretical model and TDR 
measurements are drawn in Fig. 5.5. It is clear that these curves have a good agreement at 
lower frequencies; however, the curve obtained from TDR measurements suffer in noise 
at higher frequencies. From Fig. 5.3 and Fig. 5.5, it can be deduced that the proposed 
theoretical model of the CC line is valid at higher frequencies as well, where TDR 
technique fails to extract the wave propagation characteristics from the measurements at 
higher frequencies due to measuring limitations. 
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Fig. 5.3 Attenuation curves obtained from different techniques 
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Fig. 5.4 Attenuation curves enlarged in the lower frequency region 
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Fig. 5.5 Propagation velocity curves obtained from different techniques 
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5.3.2  Time domain verification using EMTP-ATP 
 
A. Short description of EMTP-ATP program 
 
The ATP program is considered to be one of the most widely used software for digital 
simulation of transient phenomena of electromagnetic, as well as electromechanical 
nature in electric power systems. It has been continuously developed through 
international contributions over the past 20 years, coordinated by the Canadian/American 
EMTP user Group [84].  
 
The ATP program calculates variables of interest within electric power networks as 
functions of time, typically initiated by some disturbances. Basically, the trapezoidal rule 
of integration is used to solve the differential equations of system components in the time 
domain. Non-zero initial conditions can be determined either automatically by a steady-
state phasor solution or they can be entered by the user for some components. With this 
digital program, complex networks of arbitrary structures can be simulated. Analysis of 
control systems, power electronics equipment, and components with nonlinear 
characteristics such as arcs and corona are also possible. Symmetric or unsymmetrical 
disturbances are allowed, such as faults, lightning surges, and any kind of switching 
operations including commutation of valves. Calculation of the frequency response of 
phasor networks is also supported.  
 
ATPDraw for windows is a graphical mouse-driven preprocessor to the ATP version of 
the EMTP. It assists to create and edit the model of the electrical network to be simulated, 
interactively. It is developed by SINTEF Energy Research (formerly EFI), Norway [85]. 
In the program, the user can construct an electric circuit by selecting predefined 
components from an extensive palette. The preprocessor then creates the corresponding 
ATP input file, automatically in correct format. Circuit node naming is administrated by 
ATPDraw and the user only needs to give name to “key” nodes. ATPDraw is most 
valuable to new users of ATP and is an excellent tool for educational purposes. It is to be 
hoped, however, that even experienced users of ATP will find the program useful for 
documentation of circuits and exchanging data cases with other users. The possibility of 
building up libraries of circuits and sub-circuits makes ATPDraw a powerful tool in 
transient analysis of electric power systems.  
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B. ATP model of TDR measuring system 
 
In the above sub-section, a theoretical model of the CC line has been verified using TDR 
measurements. The accuracy of the theoretical model for determining its line 
characteristics is assured by analyzing the time domain model of the TDR measuring 
system in EMTP-ATP simulation environment. The ATPDraw is used as a graphical 
interface and the corresponding network of the TDR measuring system (see Fig. 4.4) is 
drawn in Fig. 5.6.  
 
The TLs are represented using distributed parameters Clark model. The coaxial cables are 
considered as lossless lines having zero resistance (due to shorter lengths of 1 m) and 50 
Ω characteristic impedance. As the high frequency signals propagation is being 
investigated, the average values of the line characteristics at MHz frequency range are 
used for ATP simulations. The calculated CC line characteristics using the theoretical 
model are used in simulation as: resistance, 3.5 Ω/m; propagation velocity, 155 m/µs; and 
characteristic impedance, 160 Ω. The low propagation velocity of CC line is due to its 
location near the ground level. The calculated characteristic impedance value can also be 
verified using various formulae proposed in [48], [82], [86]. The transient response of the 
CC line for TDR measurements and its ATP simulation response are drawn in Fig. 5.7.  
 
The experimental and the simulated time domain amplitudes and phases of the reflected 
pulses from the open end of the CC line have a good match. It verifies that attenuation 
and propagation velocity have the same values in both responses. It shows that TDR 
measuring system has successfully been modeled, which proves the accuracy of the 
measuring system. However, the reflected pulses obtained from TDR measurements are 
distorted. This pulse distortion results as the incident and the reflected pulses travel 
unequal lengths of line. Therefore, the shapes of the waves will differ as a result of the 
frequency-dependent attenuation. 
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Fig. 5.6 ATP Draw circuit for the TDR measuring system 
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Fig. 5.7 Transient response verification for TDR measurements 
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5.4 Theoretical model results  
 
The CC lines in MV networks are located at different heights above the ground level 
(e.g., 10, 12, and 15 m) in different regions, depending upon the number of customers, 
distribution network topologies, and the prevailing environmental conditions. Moreover, 
the conductor height depends upon the design of the insulators, clamps, and the poles on 
which they are mounted. The frequency-dependent TL parameters can be derived from 
the proposed theoretical model for the practical CC lines located at different heights 
above ground level. The results are obtained by assuming CC lines placed at a fixed 
height above ground level. However, distribution lines inevitably have sags, which are 
not taken into account when calculating equations (5.1)-(5.11). The derived frequency-
dependent TL parameters for practical CC lines are shown in Fig. 5.8 [87]. 
 
It is revealed that R and G are frequency-dependent; however, L and C are more or less 
independent of the frequency of the propagated signals. The increase in R and G is due to 
skin effect which is dominant at higher frequencies.  R, G, and C decrease as the height of 
the conductor above ground level (D) is increased; however, L increases by increasing the 
conductor height. The effect of conductor height upon the value of G is not significant as 
can be seen in the case of other line parameters.  
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Fig. 5.8 The per-unit length TL parameters of CC overhead distribution line located at different heights for 
εrg=10; (a) resistance, (b) inductance, (c) conductance, and (d) capacitance 
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The dependency of the wave propagation characteristics and characteristic impedance 
upon the height of the conductor above ground level (D) is shown in Fig. 5.9 [87]. The 
attenuation and propagation velocity are frequency-dependent and these parameters 
increase by increasing the frequency of the propagated signals. The characteristic 
impedance is more or less constant at all signal frequencies. The attenuation decreases by 
increasing the conductor height above the ground level, and conversely, propagation 
velocity and characteristic impedance increase by increasing the conductor height. These 
results have a good agreement with the values given in reference [14] that also verify the 
accuracy of the proposed theoretical model. The results given in Fig 5.9 are drawn for 
εrg=10. In general, the ground permittivity is not clear and εrg=1, 10, and 20 are often 
used. The wave propagation characteristics and characteristic impedance of CC line for 
different values of ground permittivity at D=15 m are drawn in Fig. 5.10. It is revealed 
that attenuation decreases and propagation velocity increases by increasing the ground 
permittivity, however, the effect is not significant in lower frequency range. The 
characteristic impedance of the CC line is more or less independent of the value of 
ground permittivity.  
 
The results drawn in Fig. 5.9 and Fig. 5.10 are useful for the wave propagation analysis 
of PD signals produced due to falling trees on the CC line. The attenuation of the CC line 
can be used as a design aid for the sensor location to get the required signal, so that it can 
be processed for detecting the presence of falling trees.  
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Fig. 5.9 Wave propagation characteristics of MV overhead CC line located at different heights for εrg=10; 
(a) attenuation, (b) propagation velocity, and (c) characteristic impedance 
5                                                                   Theoretical Modeling and Experimental Verification of CC Line 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 
_____ 
81 
 
104 105 106 107 108 109
0
0.01
0.02
0.03
0.04
0.05
Frequency (Hz)
A
tte
nu
at
io
n 
(d
B
/m
)
(a)
εrg=1
εrg=10
εrg=20
 
104 105 106 107 108 109
260
265
270
275
280
285
290
295
300
Frequency (Hz)
P
ro
pa
ga
tio
n 
ve
lo
ci
ty
 (m
/ µs
)
(b)
εrg=1
εrg=10
εrg=20
 
104 105 106 107 108 109
440
450
460
470
480
490
500
Frequency (Hz)
C
ha
ra
ct
er
is
itc
 im
pe
da
nc
e 
( Ω
)
(c)
εrg=1
εrg=10
εrg=20
 
 
Fig. 5.10 Wave propagation characteristics of MV overhead CC line for different ground permittivities 
located at D=15 m; (a) attenuation, (b) propagation velocity, and (c) characteristic impedance 
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5.5 Discussion 
 
The theoretical modeling of the CC line based on its geometry has been presented using 
two-wire TL theory and its frequency-dependent line characteristics have successfully 
been derived.  It is proved that the model does not only give correct values of the wave 
propagation characteristics at lower frequencies, but it also works well at higher 
frequencies, where TDR measurements fail to extract these characteristics due to 
measuring limitations.  
 
The frequency-dependent TL characteristics are extracted from the proposed theoretical 
model for the practical CC lines in MV networks located at different heights above the 
ground level. The attenuation of the CC line can be determined for a specific frequency 
band at which the PD signals produced due to falling trees propagate along the line. 
Depending upon the severity of fault, this quantity can assure the placing of a sensor to 
detect falling trees on the CC line. In this way, the safety and reliability of the CC lines 
will improve; this will also result in reduced costs for inspection work. 
 
The results drawn from the model show that attenuation and propagation velocity in the 
CC line is strongly influenced by its location i.e., the height D of the conductor-core 
above the ground level. The attenuation decreases and propagation velocity increases by 
increasing the height of the practical CC line above ground level. However, the location 
of the power cable does not have any effect on the propagation velocity as the distance 
between the conductor-core and grounding wire remains constant anywhere (for coaxial 
mode only). Fig. 5.11 shows a comparison of measured attenuation of single-phase MV 
XLPE power cable (using TDR) and calculated attenuation (using the theoretical model) 
of the practical CC lines at different heights. It is revealed from Fig. 5.11 that practical 
CC lines have lower attenuation than power cables. The practical CC lines have higher 
propagation velocities than power cables and this fact is revealed from Fig. 5.12 [75]. 
 
The effect of snow on the wave propagation characteristics of the bare conductor has 
already been investigated [88]. It is revealed that the admittance is increased by the snow. 
The difference from the case of no-snow becomes smaller as the frequency becomes 
higher, because the permittivity of the snow reaches unity as the frequency increases. The 
increase of the admittance is roughly proportional to the depth, density, and temperature 
of the snow. The effect of snow on the attenuation constant increases and that on the 
propagation velocity and characteristic impedance decreases, as the frequency increases. 
The difference from the no-snow case in the attenuation constant, the velocity, and the 
step response of wave deformation increases as the snow depth, the density, and the 
temperature increase. The characteristic impedance depends on the snow depth but not on 
the density and temperature [88].  In the presented theoretical model, the effect of snow 
on the wave propagation characteristics of a CC line has not been included. However, the 
same effects of snow are expected for CC line as mentioned for bare conductor. 
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Fig. 5.11 Comparison of measured attenuation for single-phase MV XLPE power cable (for coaxial mode) 
and calculated attenuation for practical CC lines at different heights above ground level 
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Fig. 5.12 Comparison of measured propagation velocity for single-phase MV XLPE power cable (for 
coaxial mode) and calculated propagation velocities for practical CC lines at different heights  
above ground level 
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The lower value of signal attenuation in the CC line is an attribute to monitor falling trees 
on it using PD sensors, e.g., a Rogowski coil. Attenuation is an important parameter in 
order to estimate the maximum length of the line that can be monitored with a PD sensor. 
The measurement of the attenuation can give an idea about the length of the CC at which 
the PD signal dies, so that the sensor location can be relied on to get the required signal. 
Therefore, the attenuation of the PD pulses is an important consideration while deciding 
the number of the sensors and their positioning over the entire length of the CC line.  
 
The wave propagation characteristics obtained from the theoretical model can be used for 
the accurate modeling of the CC line in EMTP-ATP simulation environment. The 
simulated PD measuring system will help in deciding the number and positioning of the 
sensors to monitor the falling trees over a specific length of the CC overhead distribution 
lines in an integrated network. 
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Chapter 6 
 
On-line PD Measuring System Modeling and 
Experimental Verification 
 
This chapter presents EMTP-ATP simulations to model an on-line single-phase PD 
measuring system including CC line and Rogowski coil for the monitoring of falling trees 
on the CC overhead distribution lines. The CC is modeled as a distributed parameters 
line and the Rogowski coil is modeled based on its equivalent circuit as a saturable 
current transformer having linear magnetizing characteristics. The simulation results are 
compared with those obtained from the laboratory measurements. The effect of the 
Rogowski coil terminating impedance is analyzed for the performance of the PD 
measuring system. The proposed model can be used to estimate the length of the CC line 
at which PDs due to falling trees can be detected; thus deciding the number and 
positioning of the sensors over a particular length of the CC overhead distribution line. 
The wired Rogowski coil used in this research work would be converted into a wireless 
one in future. The challenges in on-line condition monitoring of falling trees on the CC 
overhead distribution lines using wireless sensors are also discussed. 
 
6.1 High frequency distributed parameters model of 
Rogowski coil 
 
The attenuation of the CC line approximated from the Rogowski coil measurements is 
much higher than measured using TDR method or calculated from the theoretical model 
of the line [57], [71], [87]. As the theoretical model of the CC line has already been 
experimentally verified using TDR measurements [87], the higher attenuation in the 
Rogowski coil measurements is an issue that needs a deeper analysis. To resolve this 
matter, the PD measuring system is modeled in EMTP-ATP simulation environment to 
investigate the source of high attenuation.  
 
The Rogowski coil used in this research project is a commercial model, therefore its 
parameters cannot be changed easily. The PD wave propagation due to falling trees on 
CC lines can be thoroughly investigated  by changing the parameters of the Rogowski 
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coil, and their effect on the PD detection phenomenon in terms of coil bandwidth and 
sensitivity. This can be done by modeling the PD measuring system and optimizing the 
Rogowski coil parameters for reliable PD detection in this specific application. The low-
cost Rogowski coil can be manufactured in the laboratory on the basis of results drawn 
form the modeling for real system analysis in the field. 
 
In this research work, the Rogowski coil is used to measure PDs, which typically last a 
few nanoseconds; therefore, the high frequency behavior of the Rogowski coil is of 
paramount importance. Up to now, two different models of the Rogowski coil have been 
developed; the distributed parameters and the lumped parameters model [89]-[91]. The 
distributed parameters model can help in calculating the sensitivity H (V/A) of the 
Rogowski coil used in ATP simulations, and the transfer function has been extracted 
from the lumped parameters model (see Fig. 3.4) to analyze its bandwidth [55]. 
 
A model of the distributed parameters to analyze the high frequency behavior of the 
Rogowski coil has already been developed [92]. In this model, the system is considered 
as a distributed line with per-unit length parameters; resistance Rd (Ω/m), inductance Ld 
(H/m), and capacitance Cd (F/m). For a Rogowski coil of length lrc (m), characteristic 
impedance Z0rc (Ω), propagation constant γrc, and terminating with an impedance Zout (Ω), 
the transfer function that relates the induced voltage Vrc (V) with the output voltage per-
unit length Voutd (V/m) measured at the terminating impedance is given as [55], [92]: 
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where s is the Laplace variable. Z0rc and γrc are given as: 
 
dddrc sCRsLZ /)(0 +=                              (6.2) 
 
 
)( dddrc RsLsC +=γ                                  (6.3) 
 
The output voltage can be expressed as [55]:  
 
MI
L
ZV
d
out
outd ⋅=                                       (6.4) 
 
where I is the current flowing in the CC line. The coil sensitivity can be calculated using 
the aforementioned equation as:  
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I
lVH rcoutd ⋅=                                          (6.5) 
 
6.2 ATP simulation parameters calculation 
 
6.2.1  Rogowski coil parameters 
 
The geometric characteristics of the circular cross-section Rogowski coil are given in 
Table 6.1 (see Fig. 3.3). For toroidal coils having a circular cross-section, the lumped 
parameters can be calculated as follow [55]: 
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where ρc is copper resistivity and ε0 is air permittivity. In order to provide the coil with 
appropriate damping, the approximate value of the Zout can be determined as [89]:           
                                               
l
l
out C
LZ
2
π=                                             (6.9) 
 
The number of turns of the coil Nrc can be calculated using the approximate value of M 
as: 
 
1
2
0 log
2
d
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π=                                      (6.10) 
 
The measured parameters of the Rogowski coil lumped model are given in Table 6.2. The 
Rogowski coil parameters are measured at a frequency of 1 KHz with the help of Agilent 
4263B LCR Meter. As the high frequency behavior of the Rogowski coil is being 
investigated, the measured lumped parameters are preferred for reliable simulation 
results. The frequency response of the Rogowski coil can be investigated by drawing 
bode plots from the transfer function using (3.7), and is given in Fig. 6.1. The resonance 
frequency calculated using the Rogowski coil measured lumped parameters model is 29 
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MHz. This can also be verified in Fig. 6.1, where the maximum gain is obtained at 
resonance frequency. 
 
The distributed parameters can be calculated dividing the lumped parameters by the 
length of the coil lrc. Using the distributed parameters values in (6.5), the sensitivity of 
the coil can be calculated. H is taken as 0.001 (V/A) from the manufacturer's data sheet 
[56]. In ATP simulations, H and N are used to model the Rogowski coil as a saturable 
current transformer having linear magnetizing characteristics [77]. These characteristics 
will simulate the behavior of an air-cored Rogowski coil. As the value of M is not given 
by the manufacturer, it is assumed to be 200 nH in this work, and N comes out to be 431 
using (6.10). 
 
 
 
 
TABLE 6.1 
GEOMETRY OF THE ROGOWSKI COIL 
 
 
Geometrical parameters 
 
Specifications 
Inner diameter d1 162.4 mm 
Outer diameter d2 191 mm 
Transducer diameter drc 14.3 mm 
Length of the wire lw 25 m 
Radius of the wire r 1 mm 
Length of coil lrc 600 mm 
 
 
 
 
TABLE 6.2 
 MEASURED LUMPED MODEL PARAMETERS OF THE ROGOWSKI COIL 
 
 
Lumped model parameters
 
Measured values 
Resistance Rl 0.11 Ω 
Inductance Ll 0.6 µH 
Capacitance Cl 50.3 pF 
Terminating impedance Zout 2 kΩ 
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Fig. 6.1 Bode plots for measured lumped parameters model of the Rogowski coil 
 
6.2.2  Covered-conductor line parameters 
 
The CC line is mounted at an approximate height of 3 m above ground level in the 
experimental set-up. The frequency-dependent CC line characteristics can be calculated 
theoretically [87]. As the high frequency PD signals propagation is being investigated, 
the average values of the line characteristics at MHz frequency range are selected. The 
calculated CC line characteristics using the theoretical model are used in simulation as: 
resistance, 2 Ω/m; characteristic impedance, 350 Ω; and propagation velocity, 230 m/µs. 
The lengths of coaxial cable and Rogowski coil cable are 1 and 2.3 m, respectively. 
These lines are considered as lossless lines having zero resistance (due to shorter lengths) 
and 50 Ω characteristic impedance. All the TLs are represented using a distributed 
parameters Clarke model.  
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6.3 ATP simulation results for PD measuring system 
 
6.3.1  Modeling of on-line PD measuring system 
 
The on-line single-phase PD measuring system is drawn using ATPDraw and the 
corresponding network of the PD measuring system including CC line and Rogowski coil 
is shown in Fig. 6.2. The calibrator pulse produces a simulated PD signal which is 
traveling down the CC line and is captured by the Rogowski coil at a certain distance 
over the line.  
 
It has already been determined that PD magnitude produced due to the leaning of a pine 
tree on the CC line is around 3 nC. This amount can vary depending upon the size, 
weight, and the species of the leaning tree as well as the prevailing environmental 
conditions. A 3 nC pulse produced due to a leaning tree propagates in both directions on 
the CC line; however, 1.5 nC pulse propagating unidirectionally is equivalent to 3 nC 
pulse discharge in a real system.  
 
When a PD signal is traveling from the pulse calibrator towards the CC line through 
coaxial cable, there is a mismatch between the characteristic impedances of coaxial cable 
(50 Ω ) and CC line (350 Ω) at the point of their connection (see Fig. 6.2). The signal is 
not totally transmitted to the CC line and a part of it is reflected back into the coaxial 
cable. Using equation (4.1), the reflection coefficient Γ in this case is 0.75. Therefore, 
only 25% of the PD signal amplitude will reach the CC line and propagate inside it. If a 5 
nC pulse is injected from the pulse calibrator, only 1.25 nC pulse will reach the CC line 
for further propagation; this amount is approximately equal to PD magnitude produced 
and propagating unidirectionally due to a leaning tree. Keeping in view above fact, an 
average value of 5 nC calibrator pulse is simulated in the PD measuring system to make 
the real analysis of a single pine tree leaning on the CC line. The measured and the 
simulated 5 nC calibrator pulses are shown in Fig. 6.3 [93]-[95]. 
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Fig. 6.2 ATPDraw circuit for on-line single-phase PD measuring system 
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Fig. 6.3 Measured and simulated 5 nC calibrator pulses  
 
A comparison of the measured and simulated voltage pulses captured by the Rogowski 
coil at point P2, as shown in Fig. 3.9 (a), is given in Fig. 6.4. The comparison is carried 
out considering the time domain performance and FFT analysis. From Fig. 6.4, it is clear 
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that simulated PD measuring system response has a close match with the measurements, 
both in the time and frequency domain. It is revealed that resonance occurs at 5 MHz. 
The resonance frequency of the Rogowski coil is 29 MHz; however, due to the effect of 
cabling, stray inductances are introduced into the system. This results in the lower value 
of the resonance frequency of the coil (see Fig. 6.4). The resonance effect can also be 
verified by determining the simulated transfer impedance of the Rogowski coil as show in 
Fig. 6.5. 
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Fig. 6.4 The Rogowski coil response for 5 nC calibrator pulse at point P2 in (a) time domain,  
and (b) frequency domain 
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Fig. 6.5 Simulated transfer impedance of the Rogowski coil; (a) magnitude, and (b) phase 
 
 
 
The measured and the simulated voltage pulses captured by the Rogowski coil at point P1, 
as shown in Fig. 3.9 (a), are given in time and frequency domain as shown in Fig. 6.6. 
The amplitudes of the measured and the simulated pulses are not closely matched in the 
first few cycles, and the pulses are also distorted in phase. This can be explained by the 
fact that the resonance frequency of the Rogowski coil has different values (in 
measurements) at different locations along the CC line. This can be due to the effect of 
stray capacitances, introduced during the measurements taken at point P1, which is nearer 
to the exposed metal components lying in the HV laboratory. 
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Fig. 6.6 The Rogowski coil response for 5 nC calibrator pulse at point P1 in (a) time domain,  
and (b) frequency domain 
 
 
Another reason which explains the odd behavior of the Rogowski coil measurements can 
be the unequal clearance of the CC above ground at different locations, resulting in 
different values of the line capacitances. The higher attenuation calculated from the 
Rogowski coil measurements can be due to the effect of its varying resonance frequencies 
at different distances from the pulse calibrator [57]. An on-site PD measuring system can 
be more reliable in terms of its fixed geometrical parameters. 
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6.3.2  Effect of Rogowski coil terminating impedance 
 
The Rogowski coil terminating impedance Zout has a significant effect on the performance 
of PD measurements in terms of the coil’s bandwidth and sensitivity. The sensitivity of 
the Rogowski coil decreases by decreasing the terminating impedance; however, 
bandwidth increases by decreasing the terminating impedance as shown in Fig. 6.7. 
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Fig. 6.7 Effect of the Rogowski coil terminating impedance Zout on the PD measurements (a) time domain, 
and (b) frequency domain 
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There is a trade-off between the bandwidth and the sensitivity of the coil by selecting a 
suitable value of terminating impedance for the required signals. Fig. 6.7 shows the 
simulated voltage amplitudes captured by the Rogowski coil (at point P2) on CC line in 
the laboratory for different values of terminating impedances. The number of turns of the 
coil N has also a similar effect on the sensitivity and bandwidth of the coil; the sensitivity 
increases and bandwidth decreases by increasing the number of turns of the coil. The 
Rogowski coil used in this research work has higher values of N and Zout; therefore it has 
higher sensitivity. 
 
6.3.3  Simulation results for practical CC lines  
 
In section 6.3.1, the PD measuring system is modeled for CC line mounted at an 
approximate height of 3 m above ground level (the same height in the experimental set-
up). It would be interesting to analyse the PD measurements for practical CC lines which 
are normally mounted at a height of more than 10 m. For this purpose, the CC line 
characteristics for a real situation (line at a height of 15 m above ground level) can be 
calculated from the theoretical model, and are used in simulation as: resistance, 0.54 
Ω/m; propagation velocity, 288 m/µs; and characteristic impedance, 475 Ω [87].   
 
Fig. 6.8 depicts the simulated PD measurements for a CC line in the laboratory (at 3 m 
height) as well as for a practical line (at 15 m height) in real system. However, the 
comparison is made by keeping S2=23.7 m and S3=5.5 m in each case (see Fig. 3.9). It is 
revealed from Fig. 6.8 that the Rogowski coil measurement has higher voltage amplitude 
for practical CC line as compared to CC line in laboratory. Therefore, the sensitivity of 
the measurements increases for practical CC lines due to higher height, which results in 
reduced signal attenuation and higher propagation velocity. 
 
The simulated model can be used in order to estimate the maximum length of the real CC 
line that can be monitored with a PD sensor. As the PD source (calibrator pulse) is of 5 
nC, which is approximately equivalent to a pine tree leaning on the CC line, the 
maximum distance at which the falling tree can be detected on the CC line from the point 
of measurement, can be determined. In these simulations, the distance S3 (see Fig. 3.9) is 
kept at 3.5 km to avoid the interference of any signal reflections from the termination of 
the CC line into the actual PD measurements. The PD measurements are taken at 
different locations on the CC line as shown in Fig. 6.9. 
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Fig. 6.8 The Rogowski coil PD measurements for CC lines at different distances (S2=23.7 m and S3=5.5 m) 
 
0 2 4 6 8 10 12 14 16 18
-4
-2
0
2
4
A
m
pl
itu
de
 (m
V
)
(a)
0 2 4 6 8 10 12 14 16 18
-2
0
2
A
m
pl
itu
de
 (m
V
)
(b)
0 2 4 6 8 10 12 14 16 18
-1
0
1
A
m
pl
itu
de
 (m
V
)
Time (µs)
(c)
 
 
Fig. 6.9 The Rogowski coil PD measurements due to leaning of a single tree on practical CC lines (keeping 
S3=3.5 km) at different locations; (a) S2=23.7 m, (b) S2=1 km, and (c) S2=3.5 km 
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The PD pulse captured by the Rogowski coil in Fig. 6.9 (a) initiates at t=0.08 µs. The 
value of propagation velocity v used in simulations is 288 m/µs; therefore, the distance 
traveled by the signal until it reaches the point of insertion of the Rogowski coil is 
S2=vt=23.04 m, which is in good agreement with the value used in simulation (23.7 m). 
Similarly, the initiation times for the signals in Figure 6.9 (b) and (c) are 3.5 and 12.2 µs, 
and the distances covered by these signals are 1.008 and 3.513 km, respectively (the 
values used in simulations are 1 and 3.5 km, respectively). This reveals that the simulated 
PD measuring system can be used to detect the PDs due to falling trees as well as 
localizing the falling trees on the CC lines. 
 
The interference of signal reflections from the CC termination has a dominant effect on 
the PD measurements. The signal captured by the Rogowski coil for practical CC line 
(S2=23.7 m and S3=5.5 m) has a voltage amplitude of 15 mV (see Fig. 6.8). However, if 
the distance between the measurement point and CC line termination is increased 
(S2=23.7 m and S3=3.5 km), the voltage amplitude decreases to 3.5 mV (see Fig. 6.9). 
This reveals that the laboratory measurements would also have the effect of interferences 
in the actual PD measurements due to the reflections from the nearby CC line 
termination. The simulated Rogowski coil measurement results shown in Fig. 6.9 seem 
free of interferences as the measurement point is at a distance of 3.5 km away from the 
CC line termination.  
 
6.4 Wireless sensors concept for on-line PD measurements 
 
6.4.1  Motivation for wireless sensors 
 
The rapid development in electronics, microcontroller performance, digital signal 
processing, and wireless communication has opened up possibilities to implement new 
industrial sensor solutions on the process level. One such promising concept is the 
wireless sensor [96]. Wireless sensors can be used in several applications like 
environmental monitoring, medical diagnosis, and different industrial condition 
monitoring applications. The wireless sensors may become a key technology, especially 
in on-line condition monitoring, as they are cheap and can easily be embedded in the 
processes (also as retrofit).  They do not need wiring, which is a source of noise and 
unreliability [97].  
 
The motivation for using wireless sensors in power system instrumentation is generally 
twofold: economy and safety. From a system operation perspective, wireless sensors give 
an opportunity to safely and cost efficiently increase measurement coverage of the 
network, including locations where wiring is impossible. Hence, more extensive and 
accurate real-time information regarding the state of the system becomes available to the 
operator. This means that the components and the network can safely be run closer to 
their technical limits and that vital information for condition based maintenance of the 
network assets can be elicited. 
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Today, one of the biggest shortcomings in distribution automation is the lack of simple 
and cheap instrumentation solutions that are easy to implement and are applicable in 
system refurbishment. The cost of instrumentation in a distribution automation system 
with a high degree of automation is approximately 25% [98]. The overall cost of 
installing and wiring a sensor exceeds the cost of the sensor by more than ten times [99]. 
Using wireless communication, installation costs are significantly reduced; no problems 
appear with damaged signaling cables that would need maintenance, and instrumentation 
is possible in applications where wiring is unfeasible [97]. Typically these relate to 
rotating machines as well as medium and HV environments. In these environments, 
isolation becomes a problem and maintenance activities can be dangerous [99]. In 
addition, refurbishment and installation without de-energizing the power network is 
possible. This favors wireless over power line communications (PLC), although PLC has 
similar advantages to wireless technologies for sensor communication in industrial 
environments [100]. 
 
6.4.2  Challenges in on-line condition monitoring using wireless 
sensors 
 
Wireless sensor networks in general pose considerable technical problems in data 
processing, communication and system management. These problems are typically 
caused by a harsh and dynamic environment; combined with bandwidth and energy 
constraints that affect the communication, data, and signal processing that can be done. 
One of the biggest limitations is the fact that the wireless sensors are self-powered (the 
power is drawn from a battery or from energy harvested from the environment). This 
means that the energy resources are scarce (especially as the sensors should be small, 
easy to embed in components and economical); only very low frequency sampling and 
limited data processing can be done in the sensor [97], [101], [102]. 
 
For on-line monitoring, especially of fast phenomena like PDs, this means that the sensor 
has many design challenges. For example, the design of the signal processing filters must 
be very energy efficient and the designer must know which frequency component are the 
important ones for the application (to reduce the impact of noise). Also the analogue-to-
digital (A/D) conversion is difficult to implement because the A/D converters working at 
high frequencies have rather high energy dissipation. The samples received from the 
conversion must be processed by the microcontroller, which means that the requirements 
on processing and memory capabilities are high. 
 
Minimizing the power consumption is the most important design aspect for wireless 
sensors. In addition to optimized components and functionality, “shut-down” and power 
management strategies are used. In wireless sensors for power systems, minimized 
energy dissipation is essential for the feasibility of integrating the sensor within 
equipment and components. A light, small sensor is easy to integrate and thus minimizes 
the impact the sensors have on the power system reliability and operability. To achieve 
this goal, wireless sensors in power systems should not operate continuously. They 
instead need properly designed “shut-down” strategies and the means to minimize the 
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pre-processing done by the sensor. However, they must preserve functionality, i.e., the 
capability to participate in, for example, state estimation and fault management [96].   
 
Hence, it is clear that the design of a wireless sensor for the measurements of PDs in CC 
overhead lines needs a totally new design philosophy. To be able to find the right 
solutions for the design of the critical sensor components, and to be able to find the trade-
off that must be made between energy dissipation and functionality, a generic model of 
the sensor and the PD behavior should be created. 
 
6.5 Discussion 
 
ATP simulations are performed to model the Rogowski coil based on its lumped 
parameters equivalent circuit. The results confirm that ATP can effectively be used to 
simulate the Rogowski coil transient behavior for PD measurements. The on-line single-
phase PD monitoring system is simulated in ATP. The ATP simulation results are 
verified by comparison with experimental results, which prove that PD measuring system 
has successfully been modeled that can be used to detect and localize the falling trees on 
the CC overhead distribution lines. The simulation results show that CC line has very low 
attenuation, and the higher amplitude pulse measured by the Rogowski coil near the 
source of PD is due to the effect of its varying resonance frequencies (in the over-damped 
resonant circuit of the Rogowski coil) at different locations. Moreover, the Rogowski coil 
measurements in the laboratory are corrupted due to reflections from the nearby CC line 
termination. Therefore, PD measurements must be de-noised before processing for 
accurate results. The model can be used to estimate the length of the CC line at which the 
PDs due to falling trees can be detected; thus deciding the number and positioning of the 
sensors over a particular length of the CC line. This model can also be applied to 
determine the design trade-offs that must be made and the data processing algorithms that 
will be developed for the sensors.  
 
The amplitude of PD signal captured by the Rogowski coil due to the leaning of a pine 
tree on CC line at a distance of 3.5 km is less than 1 mV. It is quite possible to detect PD 
signals beyond 4 km distance from the Rogowski coil, provided there are a few trees 
leaning on the line or the knife scratches are impressed on the CC insulation due to 
leaning of tree. As the PD pulse is propagating in both directions from the source, it is 
suggested to monitor 3.5-7 km CC line using one Rogowski coil when deploying several 
sensors to monitor the full length of the line. In case of leaning trees at more than one 
location on the CC line within a radius of 3.5 km monitored by one Rogowski coil, it is 
possible to detect them. However, it would be challenging to localize them. The advanced 
signal processing techniques can be used in this specific situation to avoid any 
misinterpretation of the PD detection results.  
 
The Rogowski coil used in this research work is not good for high frequency 
measurements beyond 5 MHz. Therefore, a higher bandwidth Rogowski coil should be 
used for real time analysis of PD signals produced by falling trees on the CC overhead 
distribution lines. The proposed model should also be used for different bandwidth 
Rogowski coils to validate it for higher frequency applications. 
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Chapter 7 
 
De-noising of On-line PD Signals using Wavelet 
Transform 
 
PD measurements conducted in the HV laboratory are less affected by electromagnetic 
disturbances (EMD). However, on the other hand, online/on-site PD measurements are 
often affected by several EMD sources. Extracting low level PD signal from noisy 
backgrounds is a major challenge for on-line condition monitoring. In this chapter, WT 
technique is proposed as a powerful tool to de-noise the on-line PD signals in CC 
overhead distribution lines, which are completely buried by EMI. The PD signals are 
captured in the laboratory environment and on-site measurements are simulated in 
MATLAB. The principle of de-noising based on MSD is implemented. The proposed 
method should be implemented in a real system environment to get more stable and 
reliable on-line/on-site PD detection results for the monitoring of falling trees on the CC 
distribution lines. 
 
7.1 Significance of de-noising on-line PD signals 
 
It is well known that PD measurements are widely employed in testing power apparatus 
after manufacturing [103]. However, there is a recent trend to extend them to on-site 
measurements, where the major problem encountered is the strong coupling of external 
noise. In the case of development and routine tests, the PD measurements are carried out 
in the manufacturer’s shielded laboratories, with filtered mains, to reach the demanded 
measurement sensitivity. However, the problem faced in PD measurements performed in 
unshielded laboratories as well as on-site conditions is the strong coupling of external 
noise. This noise can be suppressed by applying several analogue and digital techniques 
[104]-[109]. 
A PD measurement has to be performed in an environment free from EMD; therefore, up 
to now the PD measurements usually have been a HV laboratory technique. On the other 
hand, monitoring of falling trees on the CC lines need on-site PD measurements and the 
existence of excessive interferences will significantly influence the measurement 
sensitivity. The on-site PD measurement is often affected by strong coupled EMI that 
makes such insulation assessment very difficult [110].  Noise rejection is an important 
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part of a wider setting of on-line/on-site condition monitoring activities. A schematic 
diagram of a proposed on-line/on-site condition monitoring system is shown in Fig. 7.1 
[111].  Initially, on-site test system calibration has to be undertaken followed by data 
acquisition. The process of data acquisition essentially consists of the PD sensing stage 
using the Rogowski coils. Following sensing, the analysis of the corrupted PD signals is 
necessary. Noise rejection and PD database comparison are essential before reaching a 
decision on the integrity of the system and the actions that needed to remove the falling 
trees on the CC lines. 
 
As the PD signal magnitude normally is very low, the on-site PD measurement signal 
picked up by the sensor is completely buried by EMI and cannot be distinguished by 
simple visual inspection. In such circumstances, applying noise reduction techniques is 
required for better SNR. Fortunately, advances in A/D conversion technology and recent 
developments in digital signal processing (DSP) have enabled an easy extraction of PD 
signals. The traditional de-noising techniques can only focus on either time or frequency 
domain resolution. For non-stationary and short transient PD pulses, which occur 
randomly, the WT is more suitable than the traditional Fourier transform as it provides 
information in both time and frequency domains.  
 
 
 
Fig. 7.1 On-line/on-site condition monitoring system philosophy to detect falling trees on CC lines 
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7.2 EMD sources corrupting on-line PD measurements 
 
A major bottleneck encountered with on-line/on-site PD measurements is the ingress of 
external interferences (usually of very high amplitude comparable to PD signal) that 
directly affects the sensitivity and reliability of acquired PD data. Digital signal 
processing techniques must be applied to on-line PD measurements to recognize PD 
pulses within the EMI background, which often swamps the PD signal on-site. The 
ability to discriminate the PD signal from the noise requires knowledge of both the PDs 
and the noise.  In general, noise sources may be divided into the following [112], [113]:  
 
i) Discrete spectral interference (DSI), narrowband interference caused by e.g., 
radio broadcasts due to amplitude modulation/frequency modulation 
(AM/FM) radio emissions and communication networks 
ii) Periodical pulse shaped disturbances, repetitive pulses caused by e.g., corona 
discharges, other discharges due to transformers or power electronics 
iii) Stochastic pulse shaped disturbances, random pulses caused by e.g., lightning 
or switching operations, PD and corona from the power system which can get 
coupled to the apparatus under test; and 
iv) White noise, broadband interference caused by e.g., the measuring instrument 
itself. 
 
Generally, DSI has a narrowband spectrum centered around dominant frequencies. PD 
signals, however, have a relatively broad spectrum. This difference in spectrum 
characteristic is utilized to implement notch filters to block that specific band 
interference. Periodical pulses could be removed by implementing a gating circuit. But 
for the other two types of disturbances listed above, it is difficult to implement filtering 
techniques to discriminate PD signals because these types of noise can be either pulses 
(like PDs) or have a broad spectrum content (also like PDs) [114].  
 
Various methods for post-processing of PD signals have been reported with the 
advancement in DSP techniques during the last two decades. These methods include the 
designing of suitable filters e.g., finite impulse response (FIR) and infinite impulse 
response (IIR) filters, FFT based approaches, moving averages, adaptive filtering as well 
as wavelet analysis. Among them, wavelet analysis has recently been found to be an 
extremely efficient tool to de-noise the PD signals under such a harsh environment where 
PD signal is interacted with various interferences [104], [110], [113], [115], [116]. 
 
7.3 Wavelet transform analysis 
 
7.3.1  Brief introduction to the wavelet 
 
A wavelet is small waveform with limited duration and a zero mean value. It oscillates in 
amplitude and decays to zero quickly on both sides of the central position of the 
waveform. It is a tool meant for analysis of transients and non-stationary or time varying 
signals. Similar to the Fourier transform, which breaks up a signal into sine waves of 
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various frequencies, the WT breaks up a signal into shifted and scaled versions of the 
original (or mother) wavelet.  For a mathematical viewpoint, if a wavelet is defined as 
ψ(t), it has the property of equation (7.1) as:  
 
∫ =
R
dtt 0)(ψ             (7.1) 
 
It has to satisfy the admissibility condition Cψ (0< Cψ <∞) in equation (7. 2) so that a 
signal can be decomposed and then reconstructed perfectly through the WT. 
 
ωω
ωψπψ dC
R
∫=
2)(
2             (7.2) 
 
where ψ(ω) is the Fourier transform of ψ(t) and R means the sets of real numbers. In 
wavelet terms, ψ(t) is referred to as the mother wavelet.  
 
7.3.2  Continuous wavelet transform (CWT) 
 
The CWT of a signal x(t), consisting of a family of shifted and scaled wavelets associated 
with ψ(t) can be described as [117]: 
 
dt
s
ttx
s
sCWTx ∫ ∞+∞− ∗ −= )()(1),( τψτψ                      (7.3) 
 
where τ is shift operator (translation), s is the scaling function, and ∗ stands for complex 
conjugation. The value of CWT represents the similarity extent between the examined 
section of x(t) and the scaled and shifted wavelets. The greater the CWT, the more 
energetic it is, and greater the similarity between the wavelets and the original signal.  
 
7.3.3  Discrete wavelet transform (DWT) 
 
The CWT is computationally expensive and also generates a lot of redundant data. To 
overcome these drawbacks, an effective implementation applicable to discrete signals, 
called the DWT is formulated as [118]: 
 
 )()(1),( ∑ −=
n
m
m
m a
anbk
nx
a
kmfDWT
ο
οο
ο
ψ ψ                                                      (7.4) 
 
The mother wavelet in the above equation is discretely dilated by the scale parameter aοm 
and translated using the translation parameter nbοaοm, where aο and bο are fixed values 
with aο〉1 and bο〉0, while m and n are positive integer values [119]. In case of dyadic 
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transform, which can be viewed as a special kind of the DWT spectral analyzer, aο=2 and 
bο=1 are taken and the DWT is realized by characterizing the scale variable s in s=2m and 
assuming the time variable as τ=n2m.  
 
The DWT can be obtained through the use of MSD. A time-scale representation of a 
digital signal is obtained using digital filtering technique. Filters of different cut-off 
frequencies are used to analyze the signal at different scales. The time domain signal is 
passed through a series of high-pass filters and down-sampled by two to analyze the high 
frequencies (referred to as details). It is also passed through a series of low-pass filters 
followed by down-sampling by two, to analyze the low frequencies (referred to as 
approximations). These filters (high-pass and low-pass) are called quadrature mirror 
filters (QMF), and are exactly halfband filters, thus enabling a perfect error-free 
reconstruction of the original signal. DWT is implemented using a multistage filter with 
down-sampling of the low-pass filter output. For reconstruction, the above procedure is 
followed in reverse order using an inverse discrete wavelet transform (IDWT).  The final 
reconstructed signal is the sum of the approximation and multi-level details [113]. 
 
7.3.4  Wavelet-based de-noising procedure based on MSD 
 
As the PD signals are non-stationary and transients of very short time having broadband 
frequency spectrum, therefore DWT techniques are viable and superior in rejecting 
different kinds of inferences from the noisy signal. The principle of de-noising based on 
MSD wavelet analysis is implemented in this work [113], [115]. The original signal is 
decomposed into approximation and detail components up to the desired number of 
levels. This is done by first choosing a suitable mother wavelet according to the signal 
and noise characteristics. The components corresponding to PD signals, interference, and 
random noise are identified at each level by visual inspection and knowledge of 
frequency characteristics. Finally, the de-noised signal is obtained by discarding 
components corresponding to interference and random noise from the summation 
process. The reconstruction of the signal based on the selected components gives an 
interference-free signal. The analysis and synthesis trees of the MSD technique are 
depicted in Fig. 7.2, where, G[n] and H[n] are the high-pass and low-pass filters 
respectively, d1n, d2n,…dnn are the details, and ann is the approximation. 
 
The selection of “mother wavelet” is an important consideration when using WT. The 
mother wavelet having the closest resemblance to the original signal is preferred for de-
noising it from interferences that have similar frequencies to that of it. Higher 
compression is achieved when more correlation exists between the mother wavelet and 
the transformed signal into wavelet coefficients. Among the wavelets available, the 
Daubechies wavelet family has almost all of the required properties such as compactness, 
limited duration, orthogonality, and asymmetry for the analysis of fast transient and 
irregular pulses [116].  Therefore, the Daubechies wavelet family is selected to de-noise 
the PD measurements in this research work. 
7                                     De-noising of On-line PD Signals using Wavelet Transform 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
_____ 
106 
 
 
 
Fig. 7.2 Analysis and synthesis trees of MSD technique [113] 
 
7.4 On-Line PD de-noising results 
                
7.4.1  Processing of laboratory measurements 
 
The PD signals have been captured by the Rogowski coil in the laboratory environment 
and MSD technique is applied to de-noise these noisy signals. The two signals are: 
 
Signal-1:   PD signal produced by 50 nC calibrator pulse  
 
Signal-2:  PD signal produced by leaning two trees on the CC line, while energizing it 
with 20 kV distribution line voltage. 
 
For signal-1, a 50 nC calibrator pulse is sent from one end of the conductor and the 
Rogowski coil measurements are taken at a distance of 23.7 m from the point of insertion 
of the calibrator pulse [57]. This voltage pulse is shown in Fig. 7.3. This pulse is taken 
and padded with zeros up to the length N=2n, for n=16 (N=65536 points) and its FFT is 
shown in Fig. 7.4. A time step of ∆T=20 ns is used in the Fourier analysis. From the FFT, 
it is clear that the dominant frequency contents of the signal-1 lie in the frequency range 
from 1-4 MHz and the noise could also be seen in the higher frequency ranges. 
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Fig. 7.3 The Rogowski coil voltage response for signal-1 
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Fig. 7.4 FFT of the Rogowski coil voltage for signal-1 
 
 
 
For the processing of signal-1 using MSD, it is decomposed up to level 7 using 
“Daubechies 7” as a mother wavelet. Fig. 7.5 shows the reconstructed detail components 
(D1-D7) up to level 7. The de-noised signal is obtained by selecting the detail component 
at level 3 only and the others are discarded.   
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Fig. 7.5  Reconstructed detail components (D1-D7) up to level 7 for signal-1 
 
 
 
In the frequency or time domain, there are some differences between the PD and the 
external interference characteristics. These differences can be used to implement filtering 
techniques to discriminate the PD signal from the noise. For comparison, an IIR band-
pass filter (Butterworth type) of order 16 having frequency band 1-4 MHz is applied for 
noise elimination. The pulse becomes smoother after noise suppression. The de-noised 
pulse is processed in the Simulink model to determine the quantity of the PDs as 
described in section 3.7. The de-noised signal-1 using WT and IIR filtering techniques is 
shown in Fig. 7.6. 
 
 
It is clear from the time domain comparison shown in Fig. 7.6 that the WT technique is 
faster than IIR filtering. The multi-resolution feature helps in obtaining higher amplitude, 
better recovery of pulse shape, and a fine frequency separation. The FFT of the de-noised 
signal-1 using WT technique (see Fig. 7.7) shows the actual broadband frequency 
spectrum of PD signals, which is better than obtained using IIR filter. It confirms that the 
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WT technique has successfully de-noised the actual PD signal-1 from the electric and 
magnetic field coupling between the CC line and the Rogowski coil cabling, which can 
induce undesirable effects in the latter [120]. Another source of noise inside the 
laboratory environment could be the reflections induced in the measurements due to the 
mismatching effects from the CC line termination, as explained in section 6.3. 
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Fig. 7.6 De-noised signal-1 using different techniques 
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Fig. 7.7 FFTs of de-noised signal-1 using different techniques 
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For capturing signal-2, the Rogowski coil is placed at a distance of 20.2 m from the 
leaning trees (see Fig. 3.9). In order to process signal-2 by MSD, “Daubechies 8” is used 
as a mother wavelet and the signal is decomposed up to level 6. Due to lower sampling 
frequency (12.5 MHz) of PD signal-2 obtained in this case, higher number of detail 
components is not possible. Fig. 7.8 shows the decomposition detail components (D1-D6). 
After inspecting all the components, the de-noised signal is obtained by selecting the 
detail component 2 only. The actual and the de-noised signal-2 are shown in Fig. 7.9. 
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Fig. 7.8 Reconstructed detail components (D1-D6) up to level 6 for signal-2 
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Fig. 7.9 The signal-2; (a) before de-noising, (b) after de-noising 
 
 
7.4.2  Processing of on-site measurements 
 
The on-line/on-site PD monitoring has the major problem of EMI, which often subsumes 
completely the very low level PD signals picked up by the PD sensors. For the processing 
of on-site measurements, the PD signal produced by the pulse calibrator (signal-1) is 
mixed with different types of simulated (in MATLAB) on-site disturbances in the 
following three patterns [121], [122]: 
 
Signal-3: Signal-1 is mixed with simulated random noise 
 
Signal-4: Signal-1 is mixed with simulated DSI (sinusoidal signal having 100 mV 
amplitude with AM radio frequency of 98 KHz) 
 
Signal-5:  Signal-1 is mixed with a mixture of simulated random noise and DSI (signal-
3+signal-4) 
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For the processing of signal-3 using WT technique, it is decomposed up to level 8 using 
“Daubechies 7” as a mother wavelet. Fig. 7.10 shows the reconstructed detail components 
(D1-D8) up to level 8.  
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Fig. 7.10 Reconstructed detail components (D1-D8) up to level 8 for signal-3 
 
 
 
 
 
 
 
 
 
 
The de-noised signal is obtained by selecting the detail component at level 3 only and the 
rest are discarded. The actual and the de-noised signal-3 are shown in Fig. 7.11. It is clear 
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that the WT technique has de-noised PD signal mixed with random noise. Although some 
reflections of smaller amplitude are seen, the overall signal is successfully de-noised. 
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Fig. 7.11 The signal-3; (a) before de-noising, (b) after de-noising 
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In order to process signal-4 using MSD, “Daubechies 7” is used as a mother wavelet and 
signal-4 is decomposed up to level 8. The Fig. 7.12 shows the decomposition detail 
components (D1-D8) up to 8 levels. 
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Fig. 7.12 Reconstructed detail components (D1-D8) up to level 8 for signal-4 
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After inspection of all components in Fig. 7.12, the de-noised signal is obtained by 
selecting the detail component 3 only. The actual and the de-noised signal-4 are shown in 
Fig. 7.13. It is clear that the WT technique has effectively de-noised the PD signal 
superimposed by AM radio interference of comparable magnitude. In this case, a single 
AM radio frequency interference is taken into account for DSI. However, various 
AM/FM radio frequencies interferences with PD measurements are possible in the real 
on-site environment 
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Fig. 7.13 The signal-4; (a) before de-noising, (b) after de-noising 
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Another possibility is the additive interference due to random noise and AM/FM radio 
frequency with PD measurements in a harsh environment and this scenario is simulated 
as signal-5. This signal is processed using MSD where "Daubechies 7" is used as a 
mother wavelet for analysis. Fig. 7.14 shows the decomposition detail components (D1-
D8) up to 8 levels. The actual and the de-noised signals (by selecting the detail 
component 3 only) are shown in Fig. 7.15. 
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Fig. 7.14 Reconstructed detail components (D1-D8) up to level 8 for signal-5 
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Fig. 7.15 The signal-5; (a) before de-noising, (b) after de-noising 
 
 
It is revealed from Fig. 7.15 that the WT technique has effectively de-noised the PD 
signal superimposed by a mixture of random noise and AM radio frequency interference 
of comparable magnitude. The more practical situation can be simulated by mixing 
random noise with various combinations of AM/FM frequencies in the measured PD 
signal and applying de-nosing technique. 
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7.5 Discussion 
 
Noise and disturbances are always present in on-line PD measurement, regardless of the 
technique or system is used. Noise rejection can be achieved at different stages, e.g., 
sensor design, data acquisition, data processing, by any of them or any combination 
[123]. A differential system can suppress common-mode interferences effectively, either 
impulse or periodical interferences, coming from a TL. The noise rejection technique 
using a balanced circuit or two sensors in differential mode has been well developed and 
widely used in off-line PD measurement. Apart from its inapplicability to on-line use, it 
also suffers from the problems, e.g., balance over a wide frequency range and identical 
apparatuses or dielectric characteristic requirements. These limitations mean the balanced 
circuit and the hardware differential technique are very hard to implement in practice and 
successful cases are quite rare in medium/long length cable PD measurement [124].  
 
A novel software based differential technique has been developed and applied for the 
investigation of cable PD activities in a 33 kV substation [123]. In that fully automatic 
software, a lot of noise rejection techniques using signal processing rely on the right 
triggering, where the triggered signal must contain both the PD signal and noise. Then the 
noise part will be removed by the signal processing technique. This requires experienced 
staff to perform manual triggering on the “right” signal. Therefore, it is revealed that on-
line differential techniques are not sufficient to de-noise PD signals completely. By 
combining on-line differential technique with WT signal processing, the white noise can 
be removed, which would eventually increase the measurement sensitivity. In this 
research work, a single sensor is preferred rather than the two sensors required for the 
differential technique, keeping in view the challenges faced and the limitations of the 
latter technique.  
 
Processing of signal-1 and signal-2 reveals the effectiveness of MSD technique for the 
laboratory measurements. For signal-1, the results of MSD technique are compared with 
those obtained from IIR filtering approach and found more effective than the latter. From 
the processing of signal-3, it can be concluded that wavelet method can be equally 
applied for the on-site measurements corrupted with random noise. The processing of 
signal-4 and signal-5 reveals that the wavelet method can easily de-noise PD pulses 
superimposed by DSI or mixture of DSI with random noise. During the processing of 
above mentioned signals, the minimum loss of pulse magnitude and distortion of pulse 
shape is obtained, which is a significant consideration for on-line PD measurements and 
further quantification of the measured results.  
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Chapter 8 
 
Conclusions and Future Developments 
 
This chapter contains the summary and conclusions of the research work. The future 
developments of the present research work are also discussed. 
 
8.1 Conclusions 
 
The use of CC lines has been expanding in MV networks throughout the world over the 
last 30 years. CC systems are developed to reduce failure rates compared to bare wire 
MV networks and hence, to improve the security of the supplies. One compelling reason 
to use CC lines is that they are more compact and environment-friendly than bare 
conductors. The additional investment cost is often fully compensated by savings in line 
spacing, reduced maintenance, and a better quality of network. A drawback of CC lines is 
that falling trees on the line cause a very high impedance fault which cannot be detected 
with normal or advanced protection relays. However, these leaning trees produce PDs in 
the insulation of the CC lines, which may rupture after the passage of a certain time, thus 
introducing different kinds of faults in the network.  
 
A relatively new and challenging application is conducting on-line high frequency PD 
measurements for the monitoring of falling trees on CC lines. The advantage of on-line 
PD monitoring allows for conductor insulation diagnostics during normal operation, and 
specifically, when the trees are leaning on the conductors. By monitoring these PDs on-
line, progressive deterioration of the insulation can be indicated. Early detection of 
developing faults leads to better power quality and increased customer satisfaction. PD 
monitoring involves the analysis of materials, electric fields, arcing characteristics, pulse 
wave propagation and attenuation, sensor spatial sensitivity, frequency response, 
calibration, noise, and data interpretation. 
 
A new on-line PD detection technique for the monitoring of falling trees on the CC lines 
has been presented. The Rogowski coil has been used as a PD sensor for this application. 
An experimental set-up was arranged for on-line single-phase PD monitoring system in 
the HV laboratory at TKK. The PD measurement methodology is based on acquiring 
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voltage signals captured by the Rogowski coil and processing those in Simulink 
environment. The measurements have shown that no significant effect has practically 
been found in time or frequency domain behavior measurements of the Rogowski coil, if 
the coil geometry is not symmetrically positioned around the CC line. The calibration of 
the PD measuring system has been carried out using pulse calibrator. The test results have 
shown that PD magnitudes produced are 2.9, 3, and 3.7 nC when a pine tree without knife 
scratches, a pine tree with knife scratches, and two pine trees with knife scratches, 
respectively, are falling on the CC line. It reveals that by increasing the numbers of 
falling trees, the PD quantities also increase. In addition, knife traces produce PDs. The 
PD signals initiated by different sources have different frequency ranges and this 
observation is important for the design of a wireless PD sensor to detect falling trees on 
CC lines; especially for the development of a low-power signal processing algorithm 
inside it. 
 
The TDR measurement technique has been presented to extract the frequency-dependent 
wave propagation characteristics of CC overhead distribution lines. TDR measuring set-
up was arranged in the HV laboratory at TKK. In practice, a narrow electric pulse was 
applied to the CC and the incident and reflected waves were measured by means of a 
digital oscilloscope. The parameters extraction technique is based on electromagnetic 
theory. The amplitude of the reflected pulse has been corrected by calibrating the TDR 
measauring set-up. The wave propagation characteristics (propagation constants, i.e., 
attenuation and phase constants, and propagation velocity) of a single-phase CC overhead 
distribution line have been determined. It is revealed that the signal attenuation and 
propagation velocity are fairly constant at lower frequencies, but these parameters are 
frequency-dependent at higher frequencies, i.e., their values increase by increasing the 
frequency. The wave propagation characteristics of a single-phase XLPE power cable and 
a CC overhead distribution line are also compared. Attenuation in a CC line is much 
lower than in power cables; however, the situation is the opposite in the case of 
propagation velocity, i.e., signals propagate faster in CC lines. In the CC overhead 
distribution lines used in Finland, semi conductive layers are absent; therefore, 
attenuation is lower as compared to power cables. These measurements can be used for 
the design and deployment of PD sensors over the entire length of a CC line in order to 
detect PDs produced by falling trees. 
 
The theoretical modeling of a CC line based on its geometry has been presented using 
two-wire TL theory and its frequency-dependent line characteristics have successfully 
been derived.  The derived wave propagation characteristics are compared with those 
obtained from the TDR measurements to validate the theoretical model of the CC line. 
The TDR measuring system is also simulated in EMTP-ATP as time domain verification 
of the measurements. It is proved that the proposed model does not only give correct 
values of the wave propagation characteristics at lower frequencies, but it also works well 
at higher frequencies, where TDR measurements fail to extract these characteristics due 
to measuring limitations. It is revealed that resistance and conductance of the practical 
CC line are frequency-dependent; however, inductance and capacitance are more or less 
independent of the frequency of the propagated signals. The increase in resistance and 
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conductance is due to skin effect which is dominant at higher frequencies.  The 
resistance, conductance, and capacitance decrease as the height of the conductor above 
ground level is increased; however, inductance increases by increasing the conductor 
height. The effect of conductor height upon the value of conductance is not significant. 
The results drawn from the model show that attenuation and propagation velocity of the 
practical CC line are frequency-dependent and these parameters increase by increasing 
the frequency of the propagated signals. The characteristic impedance of the CC line is 
more or less constant at all signal frequencies. The attenuation decreases and propagation 
velocity increases by increasing the height of the practical CC line above ground level. 
However, the location of power cable does not have any effect on the propagation 
velocity as the distance between the conductor-core and grounding wire remains constant 
anywhere. The effect of ground permittivity on the wave propagation characteristics of 
the practical CC line has also been investigated. It is revealed that attenuation decreases 
and propagation velocity increases by increasing the ground permittivity, however, the 
effect is not significant in lower frequency range. The characteristic impedance of the CC 
line is more or less independent of the value of ground permittivity. 
 
The lower value of signal attenuation in a CC line is an attribute that enables the 
monitoring of falling trees using PD sensors. Attenuation is an important parameter in 
order to estimate the maximum length of the line that can be monitored with a PD sensor; 
it is an important consideration when deciding the number of the sensors and their 
positioning over the entire length of a CC line.  
 
The on-line single-phase PD monitoring system is modeled in EMTP-ATP simulation 
environment. The ATP simulation results are verified by comparison with experimental 
results, which prove that PD measuring system has successfully been modeled that can be 
used to detect and localize the falling trees on the CC lines. The proposed model can be 
used to estimate the length of the line at which the PDs due to falling trees can be 
detected; thus deciding the number and positioning of the sensors over a particular length 
of the CC line, , the design trade-offs that must be made, and the data processing 
algorithms that will be developed. The amplitude of PD signal captured by the Rogowski 
coil due to the leaning of a pine tree on CC line at a distance of 3.5 km is less than 1 mV. 
It is quite possible to detect PD signals beyond 4 km distance from the Rogowski coil, 
provided there are a few trees leaning on the line or the knife scratches are impressed on 
the CC insulation due to leaning of tree. As the PD pulse is propagating in both directions 
from the source, it is suggested to monitor 3.5-7 km CC line using one Rogowski coil 
when deploying several sensors to monitor the full length of the line. Automatic detection 
of the falling trees will reduce visual inspection work after storms and it will improve 
reliability and safety of the distribution system. The proposed on-line PD monitoring 
system can be planned to be integrated into the distribution automation system in order to 
reduce the overall costs of the CC lines. 
 
The on-line/on-site PD measurements are strongly influenced by external interferences. 
The PD signal is non-stationary and can not be processed using Fourier analysis. The WT 
techniques can provide a powerful tool to detect transient PD signals obscured in very 
high levels of noise with multi-resolution analysis, keeping both the time and frequency 
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domain resolution. Through appropriate selection of the wavelet family and the number 
of decomposition levels, the wavelet analysis technique can effectively discriminate real 
PD pulses among external interferences for enhancing PD detection. The Daubechies 
wavelet family has almost all of the properties to analyze the fast transient and irregular 
PD pulses, therefore, it has been selected to de-noise the PD measurements in this 
research work. 
 
8.2 Future developments 
 
The PD magnitude caused by a leaning tree on a CC line in different environmental 
conditions has not been thoroughly investigated in this research; rather some preliminary 
tests have been performed to verify the occurrence of PD activity in a CC line due to 
leaning of pine trees on it. The measurements conducted in the laboratory environment 
show that PD magnitude due to the leaning of a single pine tree is around 3 nC; however, 
this magnitude may vary between 3-10 nC. This amount can vary depending upon the 
size, weight, and the species of the leaning tree. The variation of PD magnitude as a 
function of various environmental parameters should also be deeply investigated in order 
to detect the leaning trees on CC lines using the proposed technique.   
 
The Rogowski coil used in this research work is not good for high frequency 
measurements beyond 5 MHz. Therefore, a higher bandwidth Rogowski coil should be 
constructed for the real time analysis of PD signals produced by falling trees on CC 
overhead distribution lines. The PD measurements have only been taken in the 
laboratory; however, in the next stage of this work, this concept should be verified in a 
real system environment. In addition, the WT method should be implemented practically 
in a real system to get more stable and reliable PD detection results. 
 
The effect of snow on the wave propagation characteristics of the bare conductor has 
already been investigated. The effect of snow on the wave propagation characteristics of 
a CC line has not been taken into account in the present work. It would be interesting to 
consider this factor and developing a theoretical model of the CC line including the effect 
of snow on it. 
 
The measurements are taken using a wired Rogowski coil, which can be converted into a 
wireless sensor in the future. Due to limited computation capacity and energy constraints 
in wireless sensors, signal processing techniques can not be implemented as is possible in 
the case of the wired Rogowski coil. We must collect PD energy over a long period of 
time at a specific bandwidth. This PD energy will be sensed by the sensor to detect the 
intensity of PDs.  
 
An on-line single-phase ATP model of the PD measuring system has been developed in 
this research work. However, it would be more practical and demanding if an on-line 
three-phase PD measuring system can be modeled; thus investigating the PD wave 
propagation in an integral network to analyze and resolve the real problems faced by 
local utilities. With those results, we would have the basis to develop requirements for 
wireless sensors used in this specific application. Wireless technology is fairly 
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inexpensive and it can be integrated into modern protection relays and to the distribution 
automation systems for detecting falling trees on CC lines. The proposed system will 
improve the safety of CC lines and make them more attractive to utilities due to reduced 
maintenance costs and visual inspection work. 
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